The Effects of Insoles on Biomechanics of Standing Balance and Walking of Trans-Femoral Amputees by Rezaeian, Tahmineh
The Effects of Insoles on Biomechanics of Standing Balance 
and Walking of Trans-Femoral Amputees 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Tahmineh Rezaeian 
 
Submitted in accordance with the requirements for 
 the degree of PhD 
 
The University of Leeds 
Faculty of Biological Sciences 
Biomedical Sciences School 
 
 
March, 2020  
ii  
 
The candidate confirms that the work submitted is his/her own and that appropriate credit 
has been given where reference has been made to the work of others. 
 
This copy has been supplied on the understanding that it is copyright material and that 
no quotation from the thesis may be published without proper acknowledgement. 
 
Assertion of moral rights (optional): 
The right of Tahmineh Rezaeian to be identified as Author of this work has been asserted 
by her in accordance with the Copyright, Designs and Patents Act 1988. 
 
© 2020 The University of Leeds and Tahmineh Rezaeian 
  
iii  
 
In the Name of Almighty God, the most Compassionate, ever Compassionate 
 
All men and women are to each other 
the limbs of a single body, each of us drawn 
from life’s shimmering essence, Almighty God’s perfect pearl; 
and when this life we share wounds one of us, 
all share the hurt as if it were our own 
 
 
 
 
Abu-Mohammad Muslih-ud-Din Saadi Shirazi (1210-1292) 
Translated from Persian by Richard Jeffrey Newman, Selections from Saadi’s Gulistan, 
2004 
 
 
  
iv  
 
To my dearest Mother and my late Dad: With my wish to continue life the best way they 
would have taught and showed their children; 
 
To my lovely Late Grandmother, Maman Bozog, for her pure, priceless and unique love 
and affection which have filled my heart and each moment of my life; 
 
To every single participant in the survey and the biomechanical tests. I actually have no 
words to appreciate their time and sincere contribution;  
 
 
 
 
In memory of my inspiring Late Teacher, Ostad AliAkbar Kameli. 
 
 
 
 
 
I salute those who sacrificed their life and those whose health suffered whilst defending 
their Motherland. 
 
  
v  
Acknowledgements 
 
I have dedicated more than 4 years to my PhD. It has been a period of learning, not only 
in the scientific field, but also on a personal level. I would like to reflect on the people 
who have supported and helped me so much throughout this time.  
I would first like to express my gratefulness to University of Leeds’ Postgraduate 
Scholarship body, which awarded me a “Leeds International Research Scholarship” and 
provided this great opportunity to perform my research as a PhD student in this 
university. I would like to show my sincere gratitude to my supervisors Dr Neil Messenger 
and Dr Daniella Strauss for their support, motivation and immense knowledge. I need to 
appreciate help and advices of Dr Graham Askew, Dr Hossein Karimi and Dr Farzam 
Farahmand during last months of preparing this thesis.  
This research would not have been possible without the help of several academic and 
non-academic individuals in Leeds and Iran, as well as that of amputee-related groups 
and organizations around the world. I have nothing but praise for their technical help, 
inspiring presence, support and assistance: Pouyan Mehryar, Brendan McDermott, 
Ehsan Abdollahi, Amir Reza Khandan, Robin Layton, James Hopwood, Zahra Rafiei, 
Mina Bani-Asad, Haj Mansour Nam-Nam, Morteza Mohammadi, Masoud Saqqaeian, 
Mohammad Mobin-Ali, Mohammad Reza Rohani, Mohammad Reza Hakimi Nasrabadi, 
Mr Mirshafiei, Safie Ghourchi and Mr Aarvan (Iranian Handicapped Society), Ahmad 
Beig Mohammadloo, Dr Parviz Mojhgani, Zahra Moradi, Mojtaba Jaafarian, Mahammad 
Maghami, Tomeu Munar, Elle McDonough, Christopher Hinton-Lewis, Tyron Mullins, 
Thomas Richards, Masoud Ghalaii, Hesam Maleki, Navid Mehryar, Mehran Mehryar, 
Mehdi Hamidi, Asghar Goharzad, Dr Sohrab Rezvani, Torab-Ali Abavisani, Siamak 
Choghaei, Hojatollah Harandi, Mansour Qamari, Manouchehr Khoshnevisan, Mr 
Majlesipour, Jahangir Heidari, Rahim Omidbakhsh, Abbas Abdolhoseini, and Hossein 
Abdam, Sarah Smith, Peter Walthew, Lynne Taylor, Brian Chenier, Mark Randall, 
Camille Poulin, Amy Joan Zahra, Carl Crisp, James Wilde, Phil Weston, Kevin Hickman, 
David Bickers, George Gondo, Melissa Noonan, and Graham Facey.  
I would like to express my deep gratitude to my unique and wonderful friends for their 
help and their presence in my life, particularly during my research: Maryam Jalali, 
Kowsar Shahbazi, Mansoureh Abdi, Zahra Sadeghi, Zahra Safaei-Pour, Saeideh Seyed 
Mohseni, Robabe Vatanparast, Sima Taghizadeh Dabagh, Shaparak Shadrawan, 
Abdoreza Hesam Mohseni, Nastaran Amini, Mahboobeh Mehdikhani, Fatemeh 
Zarezadeh, Marjan Akhavansafa, Zahra Saqqaei, Parisa Khateri, Ostad Fatemeh 
Esfandiarpour, Atieh Ghaffari, Fatemeh Eskandari, Hifza Rasheed and her angels 
Areefa nd Mahad, Antonio Martínez-Arboleda, Christopher and Friederike Jeans, Iman, 
and Farhat Yaqoob.  
And finally, last but by no means least, I would like to thank my family for their support 
and care: my better half dear Syed Adeel and his family members, my lovely mother, 
dearest siblings, other adorable relatives, and everyone who sent their positive energy 
and prayers from so far away to support me in this period of my life.  
 
vi  
Abstract 
As the world’s population ages, it is expected that the number of people having experienced 
amputations will grow, alongside comorbidities. Lifestyle adaptations associated with lower 
limb amputation are likely to occur and, with this, there is likely an impact on mobility and 
balance.  
This research has initially investigated, via a comprehensive survey, the impact of lower limb 
amputation and prosthetic use on the lives of amputees with a focus on their balance and 
mobility during daily activities. The survey consisted of parts of the Prosthesis Evaluation 
Questionnaire (PEQ), the Activities-Specific Balance Confidence (ABC) Scale, and the 
Oswestry Disability Index (ODI). The results of the survey (155 participants in all levels of 
lower limb amputation) showed that the majority of LLAs suffered from stump and intact-side 
pain, frequent falling, LBP with impact on their functionality, and a lower level of balance 
confidence. A considerable proportion of respondents were at risk of falling and needed 
intervention to improve their balance.  
According to the mentioned problems which LLAs deal with on a daily basis and the 
effectiveness of insoles use on similar balance problems and lower limb pains among non-
amputees, it was supposed the insoles used on the intact side of LLAs would improve their 
situation. Therefore, biomechanical research was conducted to examine the effect of insoles 
use on perturbed standing balance and self-selected speed walking of TF amputees (11 
participants) and a group of non-amputees (14 participants). Data was collected via 3D 
motion analysis systems, including high-speed cameras and force platforms. The function 
level of amputee participants was evaluated according to spatio-temporal variables of their 
walking and their responses to the ABC scale and PEQ-Mobility parts of the survey. Lower 
self-selected speed and asymmetrical walking compared to non-amputees indicated that 
amputee participants had lower levels of function. Results of the ABC scale questionnaire 
showed that most of them had moderate functional level (three amputees with good and one 
with a low level of functionality). These results corresponded with their PEQ-M scores. The 
kinematic and kinetic results of walking showed asymmetrical performance of amputees’ 
limbs with a prominent role of the intact limb. However, the relationship between the centre 
of mass (COM) and centre of pressure (COP) with lateral borders of BOS as the balance did 
not exhibit any difference between amputees and non-amputees, which shows proper 
balance maintenance of amputees during walking. For studying the biomechanics of 
standing balance, a perturbation was applied by a front/back-pulling load (2.5% of body 
weight) to the waist of each participant which, upon release, respectively induced backwards 
and forward falling. The observed changes in COP, COM, ground reaction forces and joint 
moments during standing and in response to the perturbation indicated that the intact limb of 
TF amputees had the main role in their balance, which resulted in an asymmetrical posture. 
Both groups used ankle movements to maintain balance in reaction to the perturbation.  
Insoles use was associated with changes in a very limited number of biomechanical variables 
for non-amputees and in none of the amputees’ biomechanical variables. But, the 
quantitative evaluation of insoles showed most participants were satisfied with insoles and 
felt more comfortable in their daily activity during their use. 
The results of this research (including both survey and biomechanical studies) affirm the 
necessity of providing more support (in the form of medical and musculoskeletal rehabilitation 
interventions) for LLAs to address the current issues, particularly with balance and their 
function in daily activities. The use of insoles in the initial phase of gait training after the first 
prosthesis fit might be beneficial for LLAs.  
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Chapter 1  
Introduction 
Amputation is the removal of the entire or a part of a lower or upper limb. Lower limb 
amputation, especially in the loss of a major portion of the limb (for example, in trans-
femoral amputation), affects the amputee’s mobility and possibly his/her independence 
in normal life, besides changing the appearance of the body (Gitter, A and Bosker, 
2005b). An amputated limb is usually replaced by a prosthetic device, but there are 
considerable differences between the characteristics and function of a prosthetic limb 
with a natural one. This fact, coupled with the consequences of limb loss surgery (e.g., 
phantom sensation or pain) plus body adaptations to limb loss, affects various aspects 
of an amputee’s daily routine. With regard to musculoskeletal issues, lower back pain 
(LBP) is common among lower limb prosthesis users (Gailey et al., 2008; Ehde et al., 
2001; Ephraim et al., 2005; Kusljugic et al., 2006; Sattar, 2007; Devan et al., 2012). In 
addition, biomechanical studies have shown people with unilateral lower limb amputation 
rely more upon their opposite intact limb (Ku et al., 2014; Gailey et al., 2008; Nadollek et 
al., 2002), hence the intact limb will become painful, and its joints can be susceptible to 
osteoarthritis due to overloading (Vrieling et al., 2008a; Struyf et al., 2009; Lloyd et al., 
2010; Morgenroth et al., 2012; Mehryar et al., 2017). Besides these problems, there is a 
balance deficit and a higher risk of falling in lower limb prosthesis users (Kulkarni et al., 
1996; Hunter et al., 2017; Buckley et al., 2002). A further significant factor related to 
prosthesis users’ issues is their age. It is well-known that ageing in the general population 
might be associated with similar problems, such as a higher risk of osteoarthritis, falling, 
and lower back pain. Although amputation due to military conflicts and non-combatant 
traumas (for example, road traffic accidents and military exercise events) generally 
affects young people to a greater extent (NHSScotland, 2005), vascular deficiencies 
(including diabetes mellitus) are the main reason for lower limb amputation in older age 
groups (Stewart, C.P.U., 2008). According to the Amputee Statistical Database for the 
United Kingdom (2004-05) report, more than half of lower limb amputees (LLA) in the 
UK are aged 65 years or over (NHSScotland, 2005). It should also be highlighted that 
the world’s population is getting older (WHO, 2016; UN, 2017). Thus, it is expected that 
the number of people subjected to age-related issues like vascular diseases (including 
diabetes and peripheral arterial disease) and, consequently, the number of LLAs, will 
grow. Furthermore, current younger amputees will live into advanced old age and most 
likely will face ageing musculoskeletal problems in addition to the common problems of 
LLAs.  
2 
To date, the majority of studies related to improving LLA locomotion, understandably, 
has been focused on solving post-surgery stump problems (such as phantom 
sensations) and improving existing prosthetic devices because these are the most urgent 
and basic needs of amputees. Thus, the advice provided by treatment teams to 
amputees has been concentrated less on the intact limb (IL) of LLAs, even though they 
have a key role in the amputees’ balance and locomotion. On the other hand, there are 
published studies which address orthotic interventions for non-amputees with similar 
issues to LLAs. Insoles seem to have certain features required of an accepted 
biomechanical intervention, such as being inexpensive and having feasible usage. 
These might lead to the users more readily accepting and using them for long time 
(Yardley et al., 2008). The effectiveness of insoles in decreasing lower back and lower 
limb pain (Dananberg and Guiliano, 1999; Mundermann et al., 2001; Larsen et al., 2002; 
Shabat et al., 2005; Mattson, 2008; Almeida et al., 2009; Cambron, J.A. et al., 2011; 
Castro-Méndez et al., 2013; Ferrari, 2013; Williams et al., 2013; Kendall et al., 2014; Sin 
Lee et al., 2015; Mehra et al., 2016; Cambron, J. et al., 2017), lessening overuse injuries 
(Mundermann et al., 2001; Larsen et al., 2002; Mulford et al., 2008; House et al., 2013), 
improving stability (Hijmans et al., 2007; Perry, S.D. et al., 2008; Liu et al., 2012; Losa 
Iglesias et al., 2012; Bateni, 2013) and lower limb kinetics, especially in the risk of knee 
osteoarthritis groups (Nester et al., 2003; Kakihana et al., 2005; Kakihana et al., 2004; 
Segal, N.A. et al., 2009; Nakajima et al., 2009; Abdallah and Radwan, 2011; Kang et al., 
2013; Russell and Hamill, 2011; Radzimski et al., 2012), has been reported in non-
amputees. These suggest an opportunity to alleviate the same problems suffered by 
LLAs (especially in major limb losses). This is a novel idea in LLA research.  
To have an up-to-date understanding of the problems of LLAs which might be managed 
by orthotic interventions, a primary questionnaire-based study was designed. It was 
intended to explore LLAs’ issues, the solutions to which might be matters of interest in 
biomechanical studies, as well as for rehabilitation service provider organizations. The 
study was conducted through an online questionnaire, which was administered to collect 
information about the experience of falling, lower back pain and several aspects of 
prosthesis use in lower limb amputees (the Prosthesis Evaluation Questionnaire (PEQ) 
and Oswestry Low Back Pain Disability Index (ODI) questionnaires and the Activity 
specified Balance Confidence (ABC scale)). This study refreshes our knowledge related 
to these aspects of lower limb amputees’ daily life, in addition to their effects on the LLAs’ 
functionality and illustrates an up-to-date understanding of their problems and needs. 
The results of the survey related to balance deficiency in LLAs and its effect on their 
functionality was the fundamental reason for conducting the biomechanical study. The 
main objective of the research was to investigate the effectiveness of insoles use as a 
potential solution to the problems faced by prosthesis-wearers, particularly the dynamic 
and static balance deficiencies. Therefore, in this research, the instant effects of using a 
commercial insole for non-amputee participants and with the intact limb of trans-femoral 
amputees on the biomechanical variables of their normal self-selected speed walking 
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and perturbed standing balance were investigated, and the two groups were compared. 
Further to this, the functional level of amputee volunteers in biomechanical tests was 
evaluated separately and the results reported, according to their spatio-temporal 
variables of walking and their self-reported answers to the PEQ-M and ABC scale 
questionnaire. 
 
Research questions 
The research questions that will be answered in the following chapters and which will 
help to achieve the objectives of the thesis are: 
o What are the global causes of lower limb amputation and its prevalence? 
What is found in the literature about the biomechanical evaluation of 
balance by using force platforms in amputees?  
o How does insoles use affect balance and overuse injuries in non-
amputees? 
o What are the main issues LLAs are facing regarding their amputation and 
prosthetic use, particularly related to their functionality in daily activities 
and balance deficiency? Is there any relationship between these issues? 
o What are the biomechanical characteristics of trans-femoral amputees 
and non-amputees walking? 
o How does insoles use affect the biomechanical variables of the amputees 
and non-amputees’ self-selected speed walking? 
o What are the biomechanical characteristics of standing balance of trans-
femoral amputees and non-amputees against a front/back-pulling load? 
o How does insoles use affect the biomechanical variables of the amputees’ 
and non-amputees’ perturbed standing balance? 
 
Thesis structure 
The introductory chapter provides the general background to the importance of the study, 
and introduces the research questions, as well as the following chapters. Chapter 2 
presents overall information about the prevalence of lower limb amputation and its 
causes, prosthetics device structure and the biomechanics of gait and standing balance. 
It also provides a review of the literature related to biomechanical studies of non-
amputees’ and LLAs’ standing and gait, in addition to insoles application for improving 
balance and gait among non-amputees. The first and second research questions will be 
answered in this chapter. In addition, the aims and objectives of the research will be 
stated in its conclusion. Chapter 3 delineates the results of the online survey related to 
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mobility and balance of LLAs on a self-reporting basis (the ABC scale questionnaire and 
PEQ-M questions). The third research question will be discussed in Chapter 3 based on 
the results of the survey, with a focus on balance and the mobility of the participants in 
the survey. The results of other parts of the survey are presented in Appendix D. Chapter 
4 will provide the methodology of the biomechanical tests, including insoles selection, 
participant recruitment procedures, the utilized motion analysis systems and data 
collection procedures, in addition to the function level of amputees who participated in 
the biomechanical tests and a biomechanical evaluation/comparison of walking of trans-
femoral amputees and non-amputees during self-selected speed in with/without insoles 
conditions. Research questions numbers 4 and 5 will be answered in Chapter 4. A 
biomechanical assessment of the perturbed standing balance of trans-femoral amputees 
and non-amputees in with/without insoles conditions, including a description of the 
perturbation set-up and tests, and answers to research questions 6 and 7 will be 
presented in Chapter 5. Chapter 6 will provide a summary of the research, a general 
conclusion and recommendations for future works.    
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Chapter 2  
Literature review 
2.1 Introduction  
As was mentioned in the first chapter, the research idea which resulted in conducting the 
experiments presented in this thesis was developed due to the observed problems of 
lower limb amputees (LLAs) regarding their daily life. Therefore, related topics, including 
a brief background to the study (a definition of lower limb amputation, its common causes 
and prevalence; a brief review of lower limb prosthetic devices; and a biomechanical 
evaluation of human movement), the literature related to biomechanics of balance and 
walking of LLAs, in addition to the effect of insoles on balance and walking of non-
amputees, will be presented in this chapter. This chapter provides the background of the 
studies presented in Chapters 3-5 and justifications for their methodologies and 
variables.  
2.2 Lower limb amputation  
Lower limb amputation is a surgical intervention below the pelvis to remove useless 
sections of the limb (e.g., because of deformities or deficiencies) or as a life-saving 
surgery intervention to cut out incurable parts (e.g., due to severe trauma and injuries, 
infection, poor blood circulation or cancerous tissues). Amputation might be unilateral (in 
one limb) or bilateral (in both lower limbs). The common levels of lower limb amputation 
are shown in Figure 2.1.  
 
Figure 2.1 Lower limb amputation levels (modified from Roy et al. (2013)) 
 
Minor lower limb amputation refers to removing part or whole of the foot below the ankle 
joint versus major amputation, which happens above the ankle joint. Trans-tibial (TT) 
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amputations occur below the knee, and include removing a portion of the shank, the 
ankle joint and the foot. Trans-femoral (TF) amputations happen between the hip and 
knee, whereby a portion of the femur, the knee joint, the whole of the shank, ankle joint 
and foot are removed (Bowker et al., 2002). 
The statistical data related to the global rate of lower limb amputation are unclear 
because not all countries provide and publish up-to-date information in this regard. 
However, it is known that most amputations happen in lower limbs and at TT or TF levels 
(respectively, 47% and 31% of total limb amputation surgeries). The incidence of other 
levels of lower limb amputations, including joint disarticulation (where the amputation 
occurs through a joint and may be at the hip, knee, or ankle) and through the foot, are 
very limited (WHO, 2004). The majority of amputations occur due to diseases or trauma, 
while fewer lower limb amputation incidents are related to congenital deformities; 
work/farm machinery-related incidences; renal problems; complications resulting from 
orthopaedic injuries, such as serious infection or necrosis; failed orthopaedic internal 
prosthetic replacements and, finally, medical mistakes (WHO, 2004).  
The causes of lower limb amputation are various and vary between, and even within, 
countries. More than 50% of amputations in developing countries happen due to 
traumatic causes (Iran (Sabzi Sarvestani and Taheri Azam, 2013; Rouhani and 
Mohajerzadeh, 2013), Pakistan (Soomro et al., 2013), India (Pooja and Sangeeta, 2013), 
Nigeria (Agu and Ojiaku, 2016)), while more than 50% of lower-limb amputations in 
developed countries (UK (Stewart, C P U, 2008), Australia (Lazzarini, P. A. et al., 2012), 
USA (Dillingham et al., 2002; Lazzarini, P. A. et al., 2012)) happen as the consequence 
of dysvascular diseases (mostly peripheral arterial and diabetes). Age and the cause of 
amputation are obviously interrelated. Lower limb amputation in war-involved countries 
is more common among the young persons (under 40), while limb loss due to diabetes 
or peripheral vascular (arterial) disease mainly occurs among the elderly (over 50) 
(NHSScotland, 2005; Wan-Nar Wong, 2005).  
Diabetes as a dysvascular disease is one of the main reasons for lower limb amputation 
due to its complications in the form of lower limb neuropathy and poor blood circulation. 
The number of people with diabetes increased by about four times during 1980-2014 
and reached approximately 420 million in 2017. In the same period of time, the incidence 
of diabetes in adults over 18 has grown dramatically (4.7% vs 8.5%) (WHO, 2017). It can 
be considered a source of worry that the rate of diabetes is high in the two most 
populated countries in the world. In 2013, around 10.4% of the Chinese population over 
18 were diagnosed with diabetes, and 35.4% were in prediabetes stages (Wang et al., 
2017). In India, 8.3% (approximately 60 million people) of the Indian population between 
the ages of 20-70 suffer from diabetes (WDF, 2016), and around 10% of the adult 
population are in prediabetes stages (Anjana et al., 2017). It is estimated that the number 
of Indians with diabetes will increase to 100 million in 2030 (WDF, 2016). A review article 
related to published databases related to lower limb amputation incidence-related 
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diabetes (during the years 1989-2010 and including databases from Australia, Denmark, 
East Asia, Finland, France, Germany Japan, Italy, Netherland, Norway, Spain, Sweden, 
Switzerland, Taiwan, UK and the USA) shows that the incidence is highly variable around 
the world and is ethnic/area/gender-dependent (Moxey et al., 2011). The paper 
represents the wide range of major lower limb amputation incidence, reporting a lower 
rate for women: 46.1 to 9600 per 100,000 (Spain vs Louisiana, USA) in a population with 
diabetes; 1.5-20 per 100,000 (Spain vs Germany) in a population without diabetes; and 
5.8-31 per 100,000 (Italy vs Germany) for a total population. The reviewed paper 
introduced diabetes as the reason for almost 40% of all lower limb amputations. In the 
USA, the rate of amputation was higher for African American and Native American than 
Non-African American. In the UK, the rate for Asians is lower than for white Caucasians, 
and the lower limb amputation incidence for British African Caribbean population is lower 
than in the European population (Moxey et al., 2011). According to a WHO report in 
2010, in developed countries, lower limb amputation is 10 times more likely to happen in 
people with diabetes than in those living without diabetes. In addition, the cause of more 
than 50% of non-traumatic lower-limb amputations is diabetes (WHO, 2010). However, 
a recent study has shown the incidence of amputations due to diabetes decreased in the 
UK between 2003 and 2013, in spite of a growing rate of the condition. However, the 
ratio of major lower limb amputations among persons with diabetes remained six times 
more than among the non-diabetes population. Interestingly, about half of the 
amputations were due to non-diabetic reasons. It shows the successful implementation 
of health care programs for persons with diabetes have led to a reduction in the 
amputation rate (Ahmad et al., 2016) 
Patients with peripheral arterial disease as another main dysvascular disease are also 
at risk of lower-limb loss due to poor blood circulation and as a consequence of changing 
to ischemic limb and infection. Peripheral arterial disease is an unclear/multi-causal 
disease, with diabetes a likely risk factor for it. Incidence is strongly age-related and 
increases from about 5% at middle age (45-49 years) to 15-20% at old age (85-89 years) 
(Fowkes et al., 2017). A study in China has shown more than 60% of lower-limb 
amputations in elderly patients were due to a vascular deficiency (Wan-Nar Wong, 2005). 
It seems the disease incidence is related to the economic condition of the societies it 
occurs in as well. In 2010, approximately 70% of about 200 million worldwide patients 
with peripheral artery disease were living in low/middle-income countries. In addition, the 
incident of the disease grew by about 28% in low/middle-income countries and by about 
13% in high-income countries during the years 2000-2010 (Fowkes et al., 2017).  
Besides diseases which might lead to amputation, severe traumatic events may also 
result in limb loss. Amputation because of weapon explosions is the main reason for 
trauma-related amputation in countries involved in recent wars or terrorist attacks. 
However, even after the cessation of hostilities, the hazards to life and health due to 
unexploded ordnance, such as landmines, continue to exist. There are approximately 
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110 million landmines, or similar exploding devices, in 70 countries around the world. 
Eighty percent of landmine blast victims are civilians, particularly children. Each year, 
15000-25000 persons are injured or killed due to explosions. Fifty percent of the victims 
lose their lives during the first hours of injury and 1/3 of the survivors need amputations, 
mostly in lower extremities (Walsh and Walsh, 2003). For better understanding of the 
danger, it is worthwhile knowing that, according to the Landmine Monitor 2005 report, 
there are stockpiles of more than 160 million antipersonnel mines in six countries 
(approximately 110 million in China, 26.5 million in Russia, 10.4 million in the USA, 6 
million in Pakistan, 4-5 million in India and 2 million in South Korea). The report also 
mentions the name of 13 countries as producers or right keeper of producing 
antipersonnel mines (Burma, China, Cuba, India, Iran, North Korea, South Korea, Nepal, 
Pakistan, Russia, Singapore, United States and Vietnam) (Landmine and Cluster 
Munition Monitor, 2005). This information reminds us of the existence of a large potential 
for further amputations.  
Traffic accidents are another traumatic cause of lower limb amputation, but the rate is 
not globally well-documented. During 1988-1996 in the USA, lower limb loss because of 
traffic accidents made up approximately 1/3 of traumatic amputations, and most involved 
pedestrians and motorcyclist (Dillingham et al., 2002). According to a report related to 
injuries due to motorcycle crashes in the USA, 3% of all leg injuries led to lower limb 
amputations (Hanna and Austin, 2008). In a study related to traumatic amputations 
during 2009-2013 in China, about 70% of lower limb amputations were due to traffic 
accidents (Dou et al., 2016). 
In addition to these data, we know, in spite of health care discrepancies, worldwide life 
expectancy has increased (WHO, 2016): the world’s population is getting older (UN, 
2017). This implies that, along with an expectation of an increase of incidences due to 
the growing world population, the number of people involved in complications related to 
older age (such as dysvascular diseases, including diabetes and peripheral arterial 
disease) will also grow. These facts remind us that, in addition to the longer life of current 
amputees, amputation will continue to exist and to pose challenges in different aspects 
of life for different parts of society.  
 
2.2.1 Prosthetic device 
Lower limb amputation changes the appearance of the body, affects amputees’ mobility 
and, possibly, their independence in normal life (Gitter, A and Bosker, 2005a). Humans 
since ancient times have tried to retain lost limb function by adding an external 
replacement. The replacement (called a prosthesis) has considerably improved over 
time, particularly after World War II and during recent years, due to scientific progress in 
material and computer sciences. A prosthesis can be simply defined as an artificial 
device to substitute the function and cosmetics of a missing part of the body. As the main 
task of a normal lower limbs is both weight bearing and locomotion, their loss affects 
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these performances. Thus, the lower limb prosthesis must provide and restore stability, 
mobility and an appropriate appearance for an LLA (Bowker et al., 2002).  
To fulfil these purposes, the lower limb prosthesis has different components based on 
the level of amputation. There is less function lost in a minor amputation, and often a 
shoe filler might restore the most part of foot function and appearance. But major 
amputations need more complicated structures. A prosthesis for TT amputees is called 
a below-knee (BK) prosthesis and has four main structural components, including an 
artificial foot-ankle, shank, socket, and suspension system. An above-knee (AK) 
prosthesis has a knee unit as an additional component (Bowker et al., 2002) (Figure 2.2).  
 
Figure 2.2 Main components of Above-knee (A) and Below-knee (B) prostheses 
(Modified from Berger and Fishman (1997); WHO (2004)) 
 
The foot-ankle complex is the most distal part of the lower limb prosthesis and is in 
contact with the base of support during locomotion. It must resemble the appearance 
and function of the normal foot by providing stability, simulating ankle motions and 
perform shock absorbing during standing and walking. The ankle-foot can have a moving 
ankle joint (such as in single-axis or multi-axis prosthetic feet) or the ankle movement 
may be mimicked by mechanical features and the structure of the prosthetic foot (such 
as in the SACH foot and Dynamic-Response Foot). In recent years, a new category of 
ankle-foot complex has been developed which uses computer-controlled sensors to 
receive information related to the limb position, velocities and acceleration from other 
limbs and environments to provide an appropriate position (Microprocessor-controlled 
feet). The role of the prosthetic shank, as in the normal leg, is to transfer the weight of 
the body to the foot and ankle. The shank section fills the distance between the socket 
and foot-ankle component in a BK prosthesis. For an AK prosthesis, it is located between 
the knee unit and the foot-ankle component.  
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Prosthetic knees have to simulate normal knee function by supporting the body weight 
during standing, by flexing and extending smoothly and in a controlled manner during 
walking, and by supplying unrestricted flexion for sitting and activities requiring knee 
bending for knee disarticulated and TF amputees (Bowker et al., 2002). Prosthetic knee 
joints are categorized as mechanical or computerized according to their control system 
of flexion. Mechanical knees (including single-axis or multi-axis knee systems) passively 
control the knee motion during stance and swing phases via constant friction, weight-
activated friction or fluid-controlled (pneumatic or hydraulic) mechanisms. Computerized 
systems, which are more sophisticated and expensive prosthetics, have been developed 
during recent decades. They are featured by sensors, a microprocessor, software, a 
resistance system and a battery. The knee component of computerized prostheses is 
programmable and it regulates the knee joint dynamics through the analysis of the 
sensor feedback and the simulation of eccentric muscle activities to resist knee flexion 
and provide more precise adjustments to walking demands, such as walking on stairs or 
a hillside or changing the speed of walking (Gard, 2016). Most prosthetic knees are 
passive but, recently, several commercial designs of active microprocessor knees have 
become available for TF amputees. These prosthetic knees simulate both the eccentric 
and concentric activity of knee muscles. In addition, they control knee motion while 
providing its active motion by utilizing an electronic motor (Creylman et al., 2016). But 
these advanced prostheses are expensive and require specialists to adjust/readjust 
them for amputees with different needs. In addition, they require a high level of particular 
care for maintenance and optimized performance. Thus, despite their advantages, it is 
passive mechanical prosthetic devices that are more commonly found around the world.   
The anatomical residual part of an amputated limb is called the stump. The socket is the 
part of the prosthesis that is directly in contact with the stump and surrounds it firmly. It 
is fabricated individually for each amputee based on a positive cast of the stump. As 
bodyweight transfers from stump to the socket and then onto the other prosthetic 
components, a proper ‘fit’ between the stump and socket is important. This is gained by 
the modifications that are applied to the positive cast of the stump. The socket is distally 
attached to the upper end of the knee component (for shorter stumps, to the proximal 
part of a filler between the end of the stump and knee joint to gain thigh length) in an AK 
prosthesis and to the shank component in a BK prosthesis (Bowker et al., 2002).  
Another important component of any limb prosthesis is the suspension mechanism. The 
suspension system is related to how the prosthesis remains on the user’s residual limb 
properly and continuously during daily activities. The design of the socket (for example, 
a suction socket) provides suspension in most prosthetic limbs. Using additional devices, 
such as a pelvic belt for AK prostheses and supracondylar strap in BK prostheses, also 
helps to maintain congruity of the prosthesis and the stump during daily application 
(Bowker et al., 2002).  
11 
Prosthetic devices might be categorised according to their main structures as exoskeletal 
(Figure 2.2-A-left and B-right) or endoskeletal (Figure 2.2-A-right and B-left). These 
terms also refer to how the weight of the body is transferred to the ground via the 
prosthesis and how cosmetic appearance of the prosthesis is provided. The outside part 
of an exoskeletal prosthesis (also called conventional or crustacean) is hard and is 
formed by laminating the shaped light wood or hard foam attached to the socket to 
restore the appearance of lost parts (part of the shank and/or thigh) and to transfer weight 
to the ankle-foot component. In an AK prosthesis, the knee joint (which may have a 
simple structure and/or control system) will be embedded between the thigh and shank 
segments. Due to inadequate space for bulky exoskeletal prosthetic knee joints, these 
prostheses are not appropriate for amputees with long TF stumps or for knee 
disarticulated amputees. In endoskeletal prostheses, a light metal tube plays the role of 
the central limb structure. If an amputee prefers a natural appearance, a body-coloured 
compact foam covering is applied to the prosthesis. The prosthetic components’ 
alignment cannot be changed in the final exoskeletal prostheses, but adjustment is 
possible in the endoskeletal prosthesis. Endoskeletal prostheses have been more 
favoured and used in recent years because of their lightweight, their better cosmetic 
options, the availability of more advanced knee and foot components, being proper for 
all levels of amputation, having the possibility of feasible alignment changes and the 
shorter time needed for fabrication. However, in comparison to the exoskeletal 
prosthesis, they are less durable and more expensive (Kumar and Kumar, 2001).  
 
2.2.2 Lower limb amputees’ problems 
A large number of studies have investigated different aspects of being an LLA and using 
a prosthesis in their daily lives. There are many studies which have evaluated 
psychometric conditions, Quality of Life (QOL), prosthetic function, mobility levels and 
physical issues in LLAs. Some studies have shown that musculoskeletal issues are part 
of many LLAs’ lives. Lower back pain (Ehde et al., 2000; Hagberg and Branemark, 2001; 
Ehde et al., 2001; Kulkarni et al., 2005; Ephraim et al., 2005; Kusljugic et al., 2006; Abdul-
Sattar, 2007; Smith et al., 2008; Taghipour et al., 2009; Ebrahimzadeh and Fattahi, 2009; 
Ebrahimzadeh and Hariri, 2009; Hammarlund et al., 2011; Hafner B et al., 2013; Devan 
et al., 2017; Morgan et al., 2017), falling incidents (Kulkarni et al., 1996; Miller, W C. et 
al., 2001; Wong et al., 2016; Steinberg et al., 2019) and injuries due to falling (Wong et 
al., 2016; Hunter et al., 2017) are seen too frequently among LLAs. In addition, some 
biomechanical research has shown unilateral LLAs rely more upon their contralateral 
intact limb (Nadollek et al., 2002; Farahmand et al., 2006; Vrieling et al., 2008a; Lloyd et 
al., 2010; Morgenroth et al., 2012). As a consequence of higher loading on the intact 
limb, it can be painful (Ehde et al., 2000; Hagberg and Branemark, 2001; Ephraim et al., 
2005; Abdul-Sattar, 2007; Ebrahimzadeh and Fattahi, 2009; Ebrahimzadeh and Hariri, 
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2009; Hafner B et al., 2013; Morgan et al., 2017) and prone to osteoarthritis (Gailey et 
al., 2008; Struyf et al., 2009; Farrokhi et al., 2016).  
The level of amputation is also important in the active parts of amputees’ daily routines. 
Higher levels of amputation and bilateral amputations are associated with more problems 
and complications. TT and TF amputees spend, in turn, about 30% and 70% more 
energy than a normal person during activities such as walking (Stewart, C.P.U., 2008).  
The musculoskeletal problems have been addressed by rehabilitation programs, 
including exercises and training in occupational therapy or physiotherapy disciplines. 
The effectiveness of musculoskeletal rehabilitation programs on gait, balance and the 
mobility of LLAs has been documented by Ülger et al. (2018). In various studies, the 
positive effects of muscle strengthening on LLA’s LBP (Shin, M.K. et al., 2018; Gordon 
and Bloxham, 2016; Anaforoglu et al., 2016), their balance enhancement via training on 
balance boards (Sethy et al., 2009), and the positive effect of exercise on the QOL and 
mobility of bilateral amputees (Li et al., 2019) have been reported. Moreover, the use of 
new technologies (using home video games with a balance platform (Andrysek et al., 
2012), computerized dynamic posturography systems (Mohamadtaghi, B. et al., 2016), 
and vibratory feedback (Rusaw, D. et al., 2012)) for improvement in the balance of LLAs 
has been associated with successful results. In addition, the effects of various prosthetic 
components and their alignment, or socket designs, on different aspects of lower limb 
prosthesis users’ locomotion have been presented in many papers which lie beyond the 
scope of this study. However, it can be said that these show a heavier focus of research 
on the prosthesis aspect of amputees in comparison to their intact limb.  
It has also been reported that lower limb amputation and prosthetic use might affect the 
QOL of amputees. The QOL is a multidimensional concept and is affected by different 
factors, including the level of health and social interactions, education, experiences of 
life, one’s employment, economic safety and income, basic rights, and one’s natural and 
living environment (Eurostat, 2017). Concerning areas of interest for this study, the level 
of health and social interactions aspects of QOL can be covered by mobility, balance 
confidence and pain experience in LLAs. In addition, changes in physical performance 
after amputation (including falls and being worried about them) can negatively affect 
more aspects of the QOL, such as one’s overall experience of life, employment activities, 
and economic and income security. Accordingly, one of the studies presented in this 
thesis (with details in Chapter 3) was designed to conduct a comprehensive online 
survey in order to collect up-to-date information about the problems suffered by LLAs 
and their inter-relationships, with a focus on balance, functionality and mobility in daily 
activities.  
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2.3 Biomechanical evaluation of human locomotion  
Human locomotion can be studied from different points of view, including biomechanics. 
According to the late Professor Herbert Hatze’s definition, “Biomechanics” is: 
“The study of the structure and function of biological systems by means of 
the methods of mechanics.” 
Hatze (1974), page 189 
Motion analysing techniques as part of biomechanics provide a quantitative evaluation 
of different human movements. Motions can be studied without reference to the forces 
causing them: for example, the description of linear and angular displacement and 
velocities (kinematics) or in the examination of forces and accelerations making the 
movement (kinetics) (DeLisa, 1998). Static and dynamic analysis are other ways of 
categorizing biomechanical studies. In static analysis, the biomechanical characteristics 
of a stable object (without movement or not moving at a constant speed, such as 
standing) is evaluated while, in dynamic analysis, the object has acceleration (such as 
walking) (Hamill et al., 2015). Studying and comparing the kinetic and kinematic 
characteristics of locomotion in normal and affected groups (such as LLAs) helps us to 
gain an understanding of how adaptation strategies are used in the altered tasks 
(Sanderson and Martin, 1997). Motion analysis can also help to evaluate the effects of a 
particular treatment (e.g., neuromuscular surgical interventions or rehabilitation 
treatments, including orthotic and prosthetic devices) on movement performance 
(DeLisa, 1998). 
Currently, a wide variety of instruments are used in human motion analysis. A basic 
motion analysis system usually includes cameras for recording the patterns of the motion 
tasks, from which the kinematic data can be extracted later. Although there are marker-
less motion analysing systems, normally, movements are recorded via attached 
reflective markers to body segments and their path is tracked during motion tasks. 
Kinematic characteristics of body segments are calculated by related software using the 
position of the markers. Inverse dynamics calculations permit the lower limb joint 
movements and joint forces to be considered part of kinetics. These can be derived by 
using kinematic data and spontaneous force data obtained from force platforms, in 
combination with anthropometric data (Winter, 1995). Force platforms are the most 
commonly used devices to evaluate human postural function in different conditions and 
groups (Paillard and Noe, 2015). Force platforms also provide a centre of pressure 
(COP) measurement whilst the feet are in contact with them, which is useful for balance 
evaluation and kinetics calculations. COP is the action point of the ground reaction force 
vertical component on the plantar surface of the foot (Winter, 1995). In addition to these 
instruments, electro-goniometers and accelerometers are also used for recording joint 
angles and the acceleration of body parts. Foot switches are fitted in shoes and provide 
only the temporal characters of gait (e.g. duration of step and stride, stance, swing, and 
double support), while gait mats are portable walking paths. These also give spatial 
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characters of walking (e.g. step and stride length). Pressure insoles and pressure mats 
can be used to obtain and record the pressure applied beneath the feet. 
Electromyography (EMG) systems can be utilized to record muscle activation patterns 
during any activity (DeLisa, 1998).  
The biomechanical tests of this study to evaluate standing balance and gait of TF 
amputees were conducted in two separate locations and by using two different but similar 
marker-based motion analysis systems: the Qualisys Motion Capture system 
(comprising infra-red cameras with two AMTI force platforms) and the Vicon motion 
capture system (comprising infra-red cameras with two Kistler force platforms). More 
details are available in Chapter 4, the methodology section.  
 
2.4 Standing Balance  
Stability can be defined as equilibrium, which means the ability to withstand a force trying 
to alter linear or angular speeds. The ability of an object to maintain stability is called 
balance. The stability of an object depends on several mechanical factors: the 
relationship between the position of the centre of mass (COM) and the base of support 
(BOS), the size of the area of the BOS, the height of the COM and the mass of the object 
(Hamill et al., 2015). The COM is an imaginary point at which the total body mass can 
be assumed to be concentrated. Balance in human biomechanics refers to the ability to 
control the body position (COM) related to the BOS during a static or dynamic activity. 
For example, in standing, if a body’s centre of gravity (COG: the vertical projection of the 
centre of mass on the ground (Winter, 1995)) remains in the area between the margins 
of two feet (BOS), the person will have balance and will not fall (Knudson, 2012). But, it 
is important to remember, the human centre of mass is placed at around 55%-60% of 
the height above ground (Pawlowski and Grabarczyk, 2003; Virmavirta and Isolehto, 
2014; Hamandi, 2012), which makes our body a mechanically unstable object. Thus, the 
presence of a control system is necessary to continuously maintain stability in static and 
dynamic conditions. The control is provided by the central nervous system (CNS) 
commands to the musculoskeletal system. It stabilizes the body proactively (when 
imbalance happens intentionally: for example, due to the movement of part of the body) 
or reactively (in response to an unexpected external imbalance). Besides the mechanical 
factors, three sensory systems (the vestibular, somatosensory and visual systems) are 
involved in the balance maintenance of humans. The visual system is primarily utilized 
to know about the circumstance of the body’s location and head position and, 
accordingly, plan themaintenance of balance. The somatosensory system receives 
information about the position and movement of all body segments (including the skin, 
joints and muscles, each with different receptors inside of them) relative to each other, 
in addition to the external environment. It provides a conscious perception of touch, 
pressure, pain, temperature and vibration. The vestibular system senses directional 
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information and accelerations. It is related to the head position and the middle ears 
(Winter, 1995). In an environment with enough light, a healthy person depends on the 
somatosensory system (70%) more than the vestibular (20%) and visual (10%) systems 
to maintain postural stability (Horak, 2006). The system model of postural stability shows 
that balance achievement is dependent on the task a person needs to do, and the 
environment. The CNS receives information from the environment by the sensory system 
and interprets it to know the position of the body in space. Then, it decides which 
movement or prevention of movement are needed and, subsequently, sends commands 
to the related muscles in the trunk and lower limbs to provide postural adjustments. 
Postural control has a constant and cyclical nature (Figure 2.3) (Allison, 2012).   
 
Figure 2.3 Model of postural control (reproduced from (Allison, 2012) 
 
Moving strategies are reactive and automatic responses to external perturbation during 
standing to keep stability. In reaction to a small, slow, and anteroposterior perturbation 
on a stable surface, the body rotates about the ankle joints on fixed feet to keep the COM 
over BOS (Figure 2.4-A). When the perturbation is bigger and faster, for example when 
standing on an unstable surface, or disturbed in a mediolateral direction, (or 
combinations of these conditions), the addition of a hip control strategy is used to assist 
the maintainance of stability. In the hip strategy, movement of the upper body and hip 
are in opposite directions (Figure 2.4-B). Due to a large perturbation which results in 
movement of COM out of BOS, a stepping strategy happens to move the boundary of 
the BoSs (Figure 2.4-C), or a reaching movement by upper limbs occure tp counter the 
the movement of the COM. The suspensory strategy is another movement strategy 
which has been mentioned less frequently in the literature. As seen in Figure 2.4-D, in 
this strategy, stability is increased by lowering the COM height via knee flexion. This 
strategy is used in more complex tasks, such as windsurfing, which need stability during 
the movement of the body and the BOS together (Allison, 2012). It is interesting to note 
that for an old person at risk of falling, the preferred strategy is to use the stepping, 
reaching and hip strategies, while a person with a lower risk of falling favours the ankle 
strategy (Horak, 2006). 
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Figure 2.4 Movement strategies. A: Ankle strategy, B: Hip strategy, C: Stepping 
strategy, D: Suspensory strategy (modified from Allison (2012))  
 
Postural control is achieved via interaction between several subcomponents; these are 
shown in Table 2.1. In the assessment of balance and investigation into imbalance, all 
of these factors need to be considered. Impairment in any of these subcomponents, or 
combinations of them, might lead to instability in different tasks or environmental 
conditions. Experience and practice are also important factors in the maintenance of 
stability (Horak, 2006). 
Table 2.1 Subcomponents of postural stability (Allison, 2012; Horak, 1997; Horak, 
2006) 
Subcomponent Elements Description 
Biomechanical 
features  
• Stability limits 
• Alignment of body’s segments 
• Joints movement 
• Muscles contraction 
The relation between BoS and CoM, joints’ ROM 
and stiffness, muscles’ strength and tone 
(especially abdominals, paraspinals, hamstrings, 
quadriceps, gastrocnemius, tibialis anterior) 
Movement 
strategies 
Automatic or reactive responses  COM maintenance over BoS in response to an 
external perturbation by the implementation of 
the ankle, hip, or stepping strategies  
Anticipatory In the prediction of destabilisation due to a 
voluntary movement of body segments 
voluntary Changing of the COM position to facilitate 
performing of different tasks 
Sensory 
strategies 
Combining Integration of information from the sensory 
system  
Reassessment and reweighting Continuously reassessment of the information 
from the sensory system to recognize the 
changes, and then execution of a proper 
response to them including sensory dependence 
Orientation in 
space 
• Motion perception 
• Gravity, surface vision 
• Verticality perception 
For example, aligning body to gravitational while 
visual inputs are eliminated 
Control of 
dynamics 
• Locomotion (gait) 
• Moving of body segments 
The COM taking place out of the BOS during 
locomotion 
Cognitive 
processing 
• Attention 
• Learning 
The more complex postural tasks need more 
Cognitive processing 
 
Falling as an imbalanced condition can happen due to a deficiency or combination of 
several impairments to the subcomponents of postural control. A fall is defined by the 
WHO as “inadvertently coming to rest on the ground, floor or other lower level, excluding 
intentional change in position to rest in furniture, wall or other objects” (WHO, 2008).  
Around 30% of physically active older adults in developed countries fall every year. Most 
falls will not lead to life loss, but 5%–10% of falls result in serious injuries, such as head 
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injuries or bones fractures (Deandrea et al., 2010). It is possible to categorize the factors 
involved in falling occurrences into intrinsic (related to the person) and extrinsic (outside 
of the person, such as the environment) elements. Old age, an experience of a previous 
fall, muscle weakness, gait and balance problems, poor vision, postural hypotension, 
chronic illness such as arthritis, diabetes or neurological disease (for example, stroke, 
Parkinson's), and fear of falling are the intrinsic factors. While environmental risks such 
as a lack of handrails, stairs, a lack of bars in the bathroom, weak lighting, slippery and 
uneven surfaces, psychoactive medications, and improper use of assistive devices 
contribute to the extrinsic aspects of a fall occurring (STEADI, 2017). 
A review study has shown that injuries due to falling are common among LLAs (40-60%). 
In addition, it is known that there are a number of common risk factors among older 
people and LLAs (Hunter et al., 2017). The risk of falling is higher in older people with 
gait problems and who have a history of falling, who use walking aids, and/or who 
experience vertigo (Deandrea et al., 2010), all of which can exist for LLAs irrespective of 
age. 
To date, numerous studies have investigated human balance from different angles, 
including biomechanics during different activities, especially walking and the transition 
from walking to standing or sitting, and vice versa. Due to the focus of our study being 
on standing balance, the literature related to biomechanical studies about standing 
balance in fallers and non-fallers and in LLAs and non-amputees that utilize a force 
platform will be reviewed in this section. The parameters related to the COP and the 
COM (such as location with regard to foot parts, sway or displacements, and velocities) 
are traditional variables for biomechanical evaluation of standing balance when using 
single or two force platforms (Palmieri et al., 2002; Ruhe, A. et al., 2010; Paillard and 
Noe, 2015). In fact, changes in the COP and COG represent neuromuscular functions 
during postural stability (Winter, 1990). The COP excursion area is the total area covered 
due to displacements of COP in mediolateral and anteroposterior directions. The COP 
path length or excursion refers to the distance the COP travels during the balance task. 
The COP’s velocities are calculated by dividing the anteroposterior or mediolateral 
displacements by the trial time. The COP’s root mean square (RMS) is another common 
variable used in balance assessment. The amplitude of each of these variables is 
obtained by subtracting their lowest value from their highest value. Smaller values for 
the path and velocities are indicators of better balance control. Postural sway is related 
to COP displacement and body sway refers to COM displacements (Paillard and Noe, 
2015). Different factors are attributed in the sway, such as the noise within the human 
neuromuscular system, as the result of an active anticipatory search process, or as an 
output of a control process to maintain postural control (Ruhe, A. et al., 2011).  
In this thesis, we decided to use a mechanical disturbation in the form of a 
pulling/releasing load to study the bipedal standing balance of TF amputees (presented 
in Chapter 5). Bearing in mind the subcomponents of postural stability (Table 2.1), the 
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postural conditions might be disturbed mechanically or by sensory/cognitive 
manipulation to challenge the control system. In mechanical disturbance, destabilization 
happens due to an external disturbation which changes the position of the COM and 
impels the person to restabilize the body: e.g., by applying a pushing or pulling force to 
the trunk. Some researchers focus on the effects of visual inputs and the somatosensory 
system on balance. For these purposes, they respectively design open-eyes/closed-
eyes and moving/unstable BOS or surrounding environment test conditions. Postural 
control is assessed via the COG position, and sways in computerised dynamic 
posturography (CDP), during manipulation of the visual, vestibular and somatosensory 
inputs (Lipp and Longridge, 1994). Another way to evaluate balance control in a 
manipulated cognitive system is by adding an attention-demanding task, such as 
counting, to the balance tests (Paillard and Noe, 2015). 
The evaluation of standing balance’s variables in different foot positions (Figure 2.5) is 
common and offers a better understanding of balance control in groups which are facing 
balance challenges: e.g., older people with falling experience (Paillard and Noe, 2015). 
However, methodologies have not been completely standardised. For example, (Pinsault 
and Vuillerme, 2009) found that the COP features during more than two repetitions of 30 
seconds standing trials are reliable for evaluation of balance, while (Ruhe, A. et al., 
2010), after reviewing 32 related papers, suggested averaging 3–5 trials with 90s 
duration as a proper data set for assessment of bipedal standing balance.  
 
Figure 2.5 Possible foot positions in different balance studies (modified from 
Paillard and Noe (2015)) 
 
In the following section, having a focus on the study of balance in LLAs, only statistically 
significant results (p-value<0.05) of studies related to bipedal open-eyes balance on a 
stable BOS since 2000 are represented. 
 
2.4.1 Biomechanics of standing balance in non-amputees (fallers 
and those suffering from LBP) 
As mentioned in the previous section (standing balance), assessment of the COP and 
COM excursion during standing balance is the most common method of biomechanical 
evaluation of human balance; this will be assessed in this thesis too. There is a huge 
interest in analysing healthy fallers (without any impaired balance due to vestibular or 
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nervous system disease), particularly elderlies’ standing balance, through utilizing force 
platforms. As standing balance on a stable force platform will be studied in this research, 
only related papers, and not those with moving BOS, will be reviewed. As in many 
research subjects, contradictions are seen among the published results.  
COP excursion during any movement is unconscious and reflects the activity of the motor 
system in moving the COM and, very frequently, is used to evaluate human balance 
characteristic. Several studies have shown the movement of the COP in a mediolateral 
direction during standing balance might be a proper variable to distinct fallers. A greater 
mediolateral COP sway for fallers during simple standing (Bergland et al., 2003; Stel et 
al., 2003; Melzer, I. et al., 2004; Melzer, I et al., 2010) and dual tasks (Bergland and 
Wyller, 2004) has been reported in several studies. However, in observations of a larger 
mediolateral displacement of the COP during dual tasks (such as trunk bending/ erection, 
cyclical arm raised/ lowered) in both elderly fallers and non-fallers, the displacement was 
smaller for fallers (Park, J.W. et al., 2014). In addition, decreased mediolateral 
displacement of the COP of fallers was recorded during dynamic tasks such as arm lifting 
or trunk bending while standing (Park, J.W. et al., 2014).  
It has been shown that if the BOS has enough width, mediolateral motion of the COP 
does not differ between fallers and non-fallers. Instead, it has been reported that the 
anteroposterior stability is more challenging, with a larger sway of the COP in this 
direction for fallers (Howcroft et al., 2017; Muir et al., 2013). Pajala et al. (2008) also 
considered the observation of a greater COP displacement, particularly in the 
anteroposterior direction during standing balance, as a predictor of indoor falling in old 
age. Since outdoor falls are more often due to environmental or task-related reasons in 
comparison to impaired balance control as the cause of indoor falls, a higher 
anteroposterior COP velocity also has been reported for elderly fallers during 
comfortable standing (Hewson et al., 2010; Muir et al., 2013). However, observation of 
no difference between the COP sway of fallers and non-fallers during a standing 
comfortably position or with feet together has also been reported (Sihvonen et al., 2004; 
Lajoie and Gallagher, 2004). A larger range of mediolateral and anteroposterior 
displacements, total length of sway, speeds and acceleration of the COM have been 
reported in elderly fallers compared with non-fallers during quiet and semi-tandem 
standing (Doheny et al., 2012). 
In a study of perturbed standing balance of fallers (via a lateral pulling load to the waist), 
the COP was more medially located in fallers before recovery stepping, which resulted 
in a smaller distance between the COP and COG locations. It was considered to be the 
formation of smaller functional boundaries for the BOS according to the distance 
between the COP and COG, while the fallers’ traditional BOS was equal or larger than 
the non-fallers’ (Fujimoto et al., 2015).  
Similar to the biomechanical differences between fallers and non-fallers during standing 
balance, balance features in people with non-specific low back pain (LBP) are also 
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different from individuals without the pain (Berenshteyn et al., 2018). We know LBP is a 
common phenomenon among LLAs, with a reported prevalence of 39% in (Morgan et 
al., 2017) study to 77% in (Taghipour et al., 2009) study, in research which had more 
than 100 participants from all levels of lower limb amputation. As the COP is a common 
variable to evaluate balance, the studies which concentrated on COP excursion during 
standing balance of individuals with LBP might suggest matters of interest. Equivocal 
COP characteristics are observed in the related literature. A forward trunk inclination and 
a position of COP in the forefoot was observed among young persons with LBP in 
comparison with a healthy group during closed-eyes trials (Brumagne et al., 2008). 
MacRae et al. (2018) and (Mok, N. et al., 2004) did not observe any differences between 
COP displacements but did detect a lower velocity of COP during standing balance of 
individuals with LBP. Lafond et al. (2009) reported higher levels of both 60 s mediolateral 
and anteroposterior COP frequencies (around twice as many), less than double the 
mediolateral COP speed, and around two-fold of anteroposterior COP displacements 
during prolonged standing (30 minutes) for healthy subjects in comparison to persons 
with chronic LBP. In contrast to Lafond’s study, larger mediolateral and anteroposterior 
COP displacements (Mann et al., 2010; Mazaheri et al., 2014) and larger areas of COP 
excursion (Braga et al., 2012) were reported for individuals with LBP in comparison to 
healthy participants during shorter quiet standing (30 s). Ruhe, A. et al. (2011) reported 
almost the same results with larger COP excursion and speeds for people with LBP in a 
review of studies related to their standing balance. In addition, these researchers found 
a positive relationship between the intensity of pain and the mean velocity of COP in 
anteroposterior and mediolateral direction (Ruhe, Alexander et al., 2011). Interestingly, 
the decreased COP sways following manual interventions were associated with the 
decline of pain intensity (Ruhe, A et al., 2012). A larger COP velocity in the 
anteroposterior direction, in addition to a greater range of COP displacement in both 
anteroposterior and mediolateral directions, and longer recovery time to reach a stable 
COP, was observed in the perturbed balance of subjects with chronic LBP (Lee et al., 
2016).  
As a conclusion, the results of different studies show inconsistent outcomes related to 
COP changes during balance tests in individuals with falling experience. It is beneficial 
to remember that most of the faller-related studies have been conducted with elderly 
participants. It seems a lower level of health and fitness in old age might affect balance 
control (Roman-Liu, 2018). The changes occurring in the nervous system and muscle 
activities during the ageing process affect control of the body posture and may contribute 
to age-related balance deficiencies (Melzer, I et al., 2010). The conflicting results might 
be due to the difference of participants’ BOS largeness, the length of data collection and 
even the definition of a “faller”. Melzer considered standing on a narrow base of support 
a more challenging condition and provides an opportunity to observe differences 
between fallers and non-fallers’ COP excursion (Melzer, I. et al., 2004; Melzer, I et al., 
2010). In addition, some studies categorize a person with just one falling event as a faller, 
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while there are studies which consider repeated events as a requirement of being defined 
a faller (Rugelj et al., 2013). It is also important to know the origin of imbalance (Table 
2.1) in fallers and the mechanisms their body applies to compensate for the deficit. The 
presence of pain and the intensity of it, age groups, footwear, or person to person 
differences in balance characteristics and differences in muscle co-activation and 
sensory system involvements can affect results. Abrahamova and Hlavacka (2008) 
found larger body sway and COP excursion in the standing balance of people older than 
60 years of age. In fact, body sway and COP velocities are related to age and are higher 
in older in comparison to younger people (Roman-Liu, 2018). Greater body sway has 
also been observed in obese individuals and, consequently, they suffer a higher risk of 
falling (Frames et al., 2018). Unexpectedly, Jorgensen et al. (2012) reported balance 
data that were statistically different when testing before and after noon. Even the 
orientation of the feet on the force platform (Azzi et al., 2017) and the distance between 
them (Bonnet, 2012) can affect the balance data. Sway changes in individuals with LBP 
can be due to proprioception changes or them being conscious of their pain (Karimi and 
Saeidi, 2013). At the same time, it has been seen that people with chronic LBP have a 
stiff posture and, consequently, might have less sway (Lafond et al., 2009). On the other 
hand, fatigue of the spinal muscles in individuals with LBP happens faster (Kendall et al., 
2014), which might reduce their control on body sway. Interestingly, visual inputs seem 
an important factor in balance control of individuals with LBP (Mann et al., 2010; Mok, 
N.W. et al., 2004) and older people (Roman-Liu, 2018). Balance and LBP are multivariate 
phenomena and to have an isolated sample to study is almost impossible. A trend has 
been developing in recent studies related to standing balance whereby classical raw 
COP data is used as the input for innovative balance scoring calculations or non-linear 
models (Fino et al., 2016; Barton et al., 2016; Zhou et al., 2017; Audiffren et al., 2016; 
Tuunainen et al., 2014; Swanenburg et al., 2010). These methods might open new 
perceptions of differences in the balance biomechanics of individuals with impaired 
balance, those at risk of falling, and those with LBP. It seems to be beneficial to use the 
new models of balance evaluation, combining force platform data with the results of 
questionnaires related to balance confidence and LBP disability levels for fallers and 
individuals with LBP. Interestingly, two-point discrimination on the first toe of elderly 
fallers is different from non-fallers (Melzer, I. et al., 2004). In addition, decreased skin 
sensation of feet plantar surfaces in fallers (Fujimoto et al., 2015) and individuals with 
chronic LBP (Lee et al., 2016) has been observed. Thus, to examine these sensations 
as well as the COP displacements might provide more precise information about the 
balance of these groups of people. Yet the body sway and COP parameters during 
standing can still be considered a reliable tool for balance evaluation (Pinsault and 
Vuillerme, 2009; Ruhe, A. et al., 2010), (Mengarelli et al., 2018). 
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2.4.2 Standing balance in amputees 
It should be remembered that the risk of falling is higher in older people with gait 
problems and a history of falling, those who use walking aids and those experiencing 
vertigo (Deandrea et al., 2010), all of which might be common features of LLAs at any 
age. Lower limb amputation affects dynamic and static balance due to the loss of the 
part of the body which is in direct contact with the BOS, and which normally transfers 
bodyweight to it. The role of transferring body weight will be compensated by the 
prosthetic limb, but this limb, as an artificial structure, is not able to provide sensory 
feedback to the somatosensory system in the process of postural control (Figure 2.3). 
The lack of muscles and joint/s due to amputation results in a loss of some 
subcomponents of postural stability (Table 2.1) and, consequently, leads to balance 
deficiency in LLAs. In the following section, a review of various studies is provided which 
evaluate the balance of prolonged unilateral lower limb prosthetic users with different 
levels of amputation in terms of COP or COM changes during perturbed/ unperturbed 
standing by utilizing the stabilometry system or force measurement devices, such as 
force platforms.  
The ability of amputees to keep their balance on a stabilometer (especially in the 
anteroposterior direction) is lower than in non-amputees (Buckley et al., 2002). 
Asymmetrical standing balance with more reliance on the intact limb (Nadollek et al., 
2002; Vrieling et al., 2008b; Duclos et al., 2009; Vatanparast et al., 2009; Hlavackova et 
al., 2011; Ku et al., 2014) and a larger COP excursion (particularly in the anteroposterior 
direction) of that limb (Buckley et al., 2002; Vrieling et al., 2008b; Kozáková et al., 2009; 
Hlavackova et al., 2011; Bolger et al., 2014; Ku et al., 2014; Rusaw, DF., 2018) are 
reported frequently for LLAs. These differences have been attributed to the role of the 
ankle in the displacement of the COP in anteroposterior balance maintenance, and this 
is a more important role than that of both hip joints, which is absent in amputated limbs 
of unilateral LLAs (Buckley et al., 2002; Curtze et al., 2012). Nadollek et al. (2002) also 
reported a larger anteroposterior COP displacement in the intact-side, but the same 
mediolateral displacements for both legs of TT amputees. The study of (Kozáková et al., 
2009) had similar results, except that they recorded a greater mediolateral COP sway of 
the prosthetic side. An impaired balance has been reported for vascular TT amputees 
with lower scores of somatosensory response and circulation, which was associated with 
larger mediolateral COP displacement for amputees with poor blood circulation, more 
symmetrical weight bearing in amputees with poor sensory touch, and a history of falling 
for those with weaker vibration sensation. However, those with poor blood circulation 
had larger forward reach distance, which might be the result of changes in perception by 
the person regarding the position of body parts (Quai et al., 2005).  
The results of studying perturbed balance in the form of moving BOS showed more load 
on the intact-side, larger intact-side COP anteroposterior displacement but smaller 
displacement for the prosthetic side, in addition to greater anteroposterior ground 
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reaction force (GRF) of both limbs of TT and TF amputees in comparison to non-
amputees. In addition, a larger anteroposterior GRF was observed in the intact side. 
These results were ascribed to the compensatory role of the hip muscles in the absence 
of the contribution of the ankle muscles in the amputated side, in addition to control of 
the COM position for maintaining a locked knee (Vrieling et al., 2008b).  
As with static balance, a greater contribution in dynamic balance on a moving BOS has 
been recorded for the intact-side of LLAs (Nederhand et al., 2012). In addition, the 
possibility of achieving a better dynamic balance by prosthetic feet with stiffer ankles has 
been suggested (Nederhand et al., 2012). However, the effect of a stiff prosthetic ankle 
on dynamic activities such as walking balance is questionable. 
Interestingly, the hip of both limbs and the prosthetic ankle showed more contribution in 
the balance of TT amputees when a lateral perturbation was applied (Curtze et al., 2012). 
Bolger et al. (2014) also reported a higher contribution of the prosthetic side of TT 
amputees in mediolateral perturbation.  
The reviewed studies have shown that even LLAs with a high level of physical activity 
suffer from a lower level of balance (Buckley et al., 2002). By recalling the vital factors 
for postural control (Table 2.1), it is clear balance impairment for a person with lower limb 
amputation is primarily due to lost and weakened biomechanical features, as well as 
somatosensory system deficiency, in the amputated side. The most common point of 
almost all the studies was the more prominent role of the intact-side in balance 
maintenance of LLAs. The majority of the studies considered asymmetrical weight 
distribution towards the intact-side as the amputees’ adaptation strategy and increased 
anteroposterior COP displacement as the potential mechanical reasons for the 
imbalance. Interestingly, symmetrical balance was reported in TT amputees who had the 
opportunity to have regular physical therapy and walking practice sessions (Mayer et al., 
2011). Reduced somatosensory response (tested by touch and vibration) and blood 
circulation in amputated and intact-side limbs resulted in a possible deficiency in feeling 
precise body segment position. These features are associated with a lower level of 
standing balance and falls history in vascular TT amputees (Quai et al., 2005). An 
increase in COP movements has been reported with an increase of the interval between 
amputation and prosthetic fit (Kozáková et al., 2009). The effect of prosthetic 
components on balance in LLAs cannot be ignored. It has been shown that utilizing more 
advanced prosthetic components (such as those which are micro-processor-controlled, 
with standing support mode at the knee and hydraulic self-alignment of the ankle joint of 
the prosthetic foot) leads to more symmetrical weight distribution and improved standing 
balance of TF amputees (McGrath et al., 2018). Perturbations, such as a simulation of 
daily activities with changing balance (for example, hand raising, BOS movements or 
applying pulling loads to the waist), disturb the balance in LLAs’ more than non-amputees 
(Vrieling et al., 2008b; Vatanparast et al., 2009; Nederhand et al., 2012; Curtze et al., 
2012). In addition. an increase in the role of the prosthetic side was observed in 
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perturbation (Curtze et al., 2012). One reason for the deficient contribution of a lower 
limb prosthesis device in balance might be its inability to apply force to the BOS, similar 
to the intact-side during balance (Bolger et al., 2014). Only a few studies were related to 
TF amputees standing balance (with three participants in Buckley et al. (2002) and 
Vrieling et al., 2008b; eight people in Hlavackova et al. (2011) and six Nederhand et al. 
(2012)) and no studies were found related to the biomechanics of their disturbed balance 
in the form of instant base of support and applying an external load, which might be a 
simulation of a push by someone when standing in a crowd. These show the value of 
performing such studies in extending our current knowledge about TF amputees’ 
postural balance.  
 
2.5 Level walking 
This section presents an overall review of level-walking biomechanics.  
2.5.1 Normal gait pattern 
The term “gait cycle” refers to the rhythmic and consecutive movements of the lower 
extremities during walking which results in the forward progression of the body. Each 
gait cycle includes events during weight bearing by the leading leg (stance phase), then 
its forward movement through the air, while the contralateral leg is supporting the weight 
(swing phase) (Whittle, 2002).  
Figure 2.7 illustrates the phases of a single gait cycle (A to G stages), including five 
stance’s stages and three swing’s stages, which are as follows (Whittle, 2002):  
(A) Initial contact (heel contact): the heel strikes the ground at the start of the 
stance phase.  
(B) Loading response (the period of time between the initial contact of one foot to 
toe-off in the contralateral foot): the foot comes in full contact with the ground during 
this stage, and the stance limb fully bears the weight of the body (foot-flat, initial 
double support). 
(C) Mid-stance (the period of time after the loading response until the heel rises, 
single support): It begins when the contralateral foot leaves the ground and continues 
its forward movement before its heel resumes contact with the ground. 
(D) Terminal stance (the period of time between the heel-rise of a foot until the initial 
contact of the contralateral foot, single support) and (E) Pre-swing (the period of 
time between the initial contact of the contralateral foot and the toe-off in the initiating 
foot, terminal double support): During these phases, the body continues its forward 
movement on the supporting foot, and the weight moves to the forefoot (heel off), 
the stance limb gets ready to be unloaded and the body weight is gradually 
transferred onto the contralateral limb (toe-off). 
Three subdivisions are considered for the swing phase:  
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(F) Initial swing (acceleration, the period of time between the toe-off of the foot until 
the time of reaching the side of the contralateral leg): It starts when the foot leaves 
the ground and continues until maximum knee flexion occurs.  
Mid-swing begins following maximum knee flexion and ends when the tibia is in a 
perpendicular position. During this period of time, limb advancement and foot 
clearance continue.  
(G) Terminal swing (deceleration, the weight of the body gradually transfers to the 
toes of the contralateral limb): The tibia passes beyond the perpendicular position 
and the knee fully extends to prepare for the heel strike. 
 
The duration of the gait phases depends on the speed of walking. In normal speed, a 
gait cycle is comprised of approximately 40% swing phase and about 60% stance phase, 
including two double support periods in which both feet are in contact with the ground 
(20% of the gait cycle). With an increase in the speed of the stance phase, the double 
support periods decrease, while the swing phase length increases. In running, the double 
support disappears, and the ratio of stance/swing phases may even be reversed. 
The stride and step length are spatial variables and are utilized to characterize foot 
transfer during walking. A step is defined as the distance that a foot travels from a definite 
event in the gait cycle of one extremity (usually the heel strike) to the same event in the 
opposite extremity. The distance from a definite event in the gait cycle of one extremity 
(almost the heel strike) to its next repetition in the same extremity (two consequent steps) 
is called a stride. 
Gait normally starts from a standing position. Thus, there is a transient period from 
standing to steady-state walking (Figure 2.6, (Park, S. et al., 2009). There is no certain 
agreement about the number of steps needed to be taken before reaching steady-state 
walking. It has been suggested from one step (Breniere and Do, 1986) to three steps 
(Park, S. et al., 2009) for the kinematical and kinetical studies, and even 10 gait cycles 
for EMG studies of walking on a treadmill (Kibushi et al., 2018).  
 
Figure 2.6 Walking initiation from standing position: initiation period (A, B) and 
gait cycle (C, D) (modified from Park, S. et al. (2009)) 
 
2.5.1.1 Joints angle 
The main motion during gait occurs in the sagittal plane. The angles of the lower limb 
joints, including hip, knee and ankle joint, mainly alter in the sagittal plane during the gait 
cycle as follows (Figure 2.8-A) (Whittle, 2002):  
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Figure 2.7 Main active muscles, the GRF vector position and the consecutive stages of a gait cycle of right limb (Rajťúková et al., 2014) 
 
   
A B C 
Figure 2.8 Joint angles change (A), Internal joint moments in sagittal plane (B) and joint powers (C) during a gait cycle (Whittle, 2002)
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o In initial contact: The ankle joint is almost in a neutral position. Then, the ankle 
plantar-flexes to bring the foot down to the ground. The knee is in full extension. The 
hip is in maximum flexion and accepting the weight of the body by the leg. 
o Loading response: At the time period immediately after initial contact, ankle plantar 
flexion and knee flexion occur to bring the foot to the ground and the stance limb is 
ready for full weight acceptance. The hip starts to extend. 
o Mid-stance: As the shank moves forward on the foot during mid-stance, dorsi-flexion 
occurs in the ankle. The small knee flexion in the stance reaches its maximum and 
then changes to extension. The hip continues its extension and reaches a neutral 
position. 
o Terminal stance: The ankle plantar-flexes gradually. The knee starts to flex. The hip 
extension continues. 
o Pre-swing: The maximum ankle plantar flexion is seen in the toe-off. The knee flexion 
continues. The hip reaches maximum extension. 
o Initial swing: During the swing, the ankle joint again starts to dorsi-flex for toe 
clearance. The knee flexion continues, mostly due to the hip flexion. The hip starts to 
flex. 
o Mid-swing: The ankle continues dorsi-flexion. The knee reaches maximum flexion 
and starts its extension. The hip flexion continues and the joint reaches the neutral 
position. 
o Terminal swing: The ankle remains in the neutral position until the next initial contact. 
The knee continues to extend until it reaches full extension at the end of the swing 
and the next initial contact. The hip flexion continues until initial contact. 
 
2.5.1.2 Joint moment and power 
Typical patterns of lower limb internal joint moments in the sagittal plane and powers are 
shown in Figure 2.8-B and C.  
The moment is calculated by multiplying the force (muscle force or weight of segment) 
by its perpendicular distance from a pivot point (joint) through a process of inverse 
dynamics. The moments are indicators of the muscles’ role in stabilizing or the motion of 
the related joints during a movement. ‘Active’ internal moments are produced by muscle 
contractions. ‘Passive’ internal moments are generated by joint reaction forces and by 
tension in the soft tissues (particularly the ligaments). External moments (also referred 
to as ‘reaction moments’) are generally produced due to gravitational forces.  
Joint power is the product of a joint moment and joint angular velocity ():  
P (Watts)= M (Newton. Meters)   (Radians per Second) 
When, at a particular joint, the moment of force (M) and joint motion () are in the same 
direction, power has a positive quantity and energy is produced by concentric contraction 
in the muscles crossing that joint. Contrarily, when M and the direction of the joint motion 
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are opposite, the power is negative and the work is done by the eccentric contraction of 
muscles and/or the lengthening of other soft tissue around the joint (Whittle, 2002).  
In the following section, a brief description of lower limb joint moment in the sagittal plane 
and joint power changes (Whittle, 2002) will be presented.  
Ankle Joint - Little moment or power change occurs at the ankle during initial contact. In 
‘heel strike’, elastic tissues of the heel and materials in the footwear absorb the hit 
energy. During loading response, the GRF vector remains behind the ankle joint (Figure 
2.7) and generates an external plantar-flexor moment. The eccentric contraction of the 
tibialis anterior produces a small flexor moment (Figure 2.8-B) and controls the ankle 
plantar flexion (seen in the form of very small negative power: Figure 2.8-C). At early 
mid-stance, the line of the GRF starts to move forward along the foot (Figure 2.7). As a 
result of this, the internal dorsi-flexor moment at the ankle decreases, and then reverses 
to become a plantar-flexor moment. Little power exchange occurs at the ankle at this 
time. The internal plantar-flexor moment in the ankle increases as the force vector moves 
into the forefoot throughout mid-stance and into terminal stance (Figure 2.8-B). This 
moment is generated by the eccentric contraction of the plantar-flexor muscles (including 
the soleus and gastrocnemius). Thus, a power absorption occurs during foot-flat (A1 in 
Figure 2.8-C). During heel-rise, the plantar-flexor moment continues to increase due to 
the position of the GRF vector in front of the ankle and the increasing concentric 
contraction of the plantar-flexor muscles, which results in the highest generation of power 
in the whole of the gait cycle (A2 in Figure 2.8-C). The immediate effect of this power 
generation is to accelerate the limb forward into the swing phase and body progression. 
During the initial swing, the foot leaves the ground and then the magnitude of the GRF 
decreases to zero. The ankle moment remains very small, with very little power changes 
during remaining of the swing (Figure 2.8-C). 
Knee joint - In initial contact, an internal flexor moment is seen in the knee (Figure 2.8-
B). This is due to concentric contraction of the knee flexors (hamstrings) to prevent knee 
hyperextension at the end of the swing phase. Due to this concentric contraction and the 
releasing of energy stored in the ligaments of the extended knee, a short period of 
positive power is seen. At early mid-stance and during the small knee flexion, the GRF 
vector lies behind the joint and then produces an external flexor moment. This is opposed 
by an internal extensor moment (Figure 2.8-B), produced by the eccentric contraction of 
the knee extensor muscle (quadriceps muscles) to control the knee flexion; this leads to 
power absorption (K1 in Figure 2.8-C). During mid-stance, the GRF vector remains 
behind the joint, but a concentric contraction of the quadriceps opposes it and produces 
an internal extensor moment (Figure 2.8-B). During this time, the knee orientation alters 
from flexion to extension and power generation occurs (K2 in Figure 2.8-C). During 
terminal stance, flexion of the knee leads to placement of the GRF vector behind the joint 
(Figure 2.7), then the external flexor moment appears, which is opposed by the extensor 
moment produced via eccentric contraction of the knee extensors (Figure 2.8-B). In fact, 
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the eccentric contraction of the knee extensor muscle controls the rate of knee flexion 
during terminal stance-initial swing phases and causes power absorption (K3 in Figure 
2.8-C). When the tibia passes the vertical position and the knee starts extending in mid-
swing, an increasing internal flexor moment is seen in the knee (Figure 2.8-B), which is 
produced by the eccentric contraction of the knee flexors, with power absorption at end-
swing (K4 in Figure 2.8-C). 
Hip joint - In a gait cycle, at the time of initial contact, there is an internal extensor 
moment at the hip, due to the concentric contraction of the hip extensors (the gluteus 
maximus and the hamstrings), that continues during loading response. This concentric 
contraction of the hip extensors is associated with hip extension; thus, it produces 
positive power in the hip (H1 in Figure 2.8-C). During mid-stance, the internal extensor 
moment at the hip decreases, disappears and then changes to a flexor moment at the 
terminal stance (Figure 2.8-B), which is the result of the eccentric co-contraction of the 
hip flexors (the adductor longus and rectus femoris), in addition to the lengthening of the 
ligaments during the hip extension. Then, negative power is seen (H2 in Figure 2.8-C). 
As the hip orientation changes from extension to flexion via the hip flexors’ concentric 
action during initial swing, an internal flexor moment and large power generation is seen 
(Figure 2.8-B and H3 in Figure 2.8-C). This power accelerates the swinging leg forward. 
An increasing internal extensor moment is seen at the hip during hip flexion at the swing 
phase (Figure 2.8-B). It is mainly produced by eccentric contractions of the hip extensors 
(the hamstrings and, later, the gluteus maximus). As the hip angle is constant during 
terminal swing, a very small power change is seen at the joint during the remainder of 
the swing phase. 
 
2.5.1.3 COM displacements  
The COM moves down/up and side to side (lateral/medial) during each gait cycle (Figure 
2.9).  
 
A 
 
B 
Figure 2.9 A: Vertical (Rose and Gamble, 2006), B: Mediolateral (Winter, 1987) 
displacement of COM during one stride 
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Sanders and Inman proposed a direct relationship between COM vertical displacement 
and walking energy cost, which has been disputed in recent studies. They introduced six 
determinants which influence sinusoidal vertical displacement of the COM and make its 
movement smooth during walking: pelvic rotation in the transverse plane; pelvic tilt in the 
coronal plane; knee flexion atthe initiation of the stance phase; ankle-knee angular 
changes during the stance; and the lateral displacement of the body during each limb’s 
stance. As can be seen in Figure 2.9, the COM displacement during walking happens 
via the transfer of the body weight from one leg over to the other. It moves vertically 
through two full oscillations during each gait cycle; thus, the curve has two high points 
(during each limb’s single support, at mid-stance of both limbs) and two low points 
(during initial and terminal double supports). The COM also oscillates laterally over the 
supporting leg during each gait cycle. The largest amount of excursion occurs at mid-
stance of both limbs (the single support phase). The increased lateral displacement of 
the COM might happen due to weakness in the hip joint abductor muscle (the gluteus 
medius) or pure balance (Rose and Gamble, 2006). 
 
2.5.1.4 Ground reaction forces 
The feet exert a force (produced via muscles action, gravity and inertia) to the supporting 
surface during walking, which is opposed by GRFs. GRFs are measured by force 
platforms, and they may be resolved into horizontal (mediolateral and anteroposterior) 
and vertical components. The vector of the GRF regarding the position of the joints helps 
us to understand the role of the different major lower limbs’ muscles during gait. The 
profile of the GRF changes occurring during one gait cycle has been shown in Figure 
2.10.  
 
Figure 2.10 Changes of GRF during one gait cycle (adapted from (Whittle, 2002) 
 
The GRF changes are connected to the motions of the COM during walking. As is seen 
in Figure 2.10, the largest component of the GRF is the vertical component, which might 
exceed the bodyweight during single support. It has an “M” shaped pattern, with two 
humps at the beginning and end of single support, in addition to a dip at the middle of 
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single support. During loading response (initial double support), weight is gradually 
transferred from one limb to the other, while vertical GRF gradually increases from zero 
to the weight of the body. The slope of this part of the vertical GRF indicates the loading 
rate. The first maximum amount of vertical GRF coincides with the upward acceleration 
of the COM and the maximum backward GRF (which opposes the forward push by the 
foot to the ground). The valley of the vertical GRF occurs when the COM upwardly 
decelerates and reaches its highest position. This point almost corresponds with the 
posterior force (braking) changing to the anterior force (propulsive), which is called the 
crossover in the anteroposterior GRF profile. During the terminal stance, the plantar-
flexors muscles’ force increases the COM’s forward and upward acceleration and the 
forward (propulsive) force appears, which reaches its maximum magnitude at pre-swing 
to push the body and start the swing phase, together with the second peak of the vertical 
force. 
Feet experience mediolateral GRF during stance, which has a small magnitude (less 
than 10% of the bodyweight) and is too variable. Modifications of the shoe and orthotic 
managements in the coronal plane might affect this component of the GRF more than 
the other two factors. The force is lateral during initial contact, changes to medial in 
loading response, and remains medial during the rest of the stance phase (Rose and 
Gamble, 2006; Whittle, 2002; Richards, 2008). 
 
2.5.2 Lower limb amputees’ gait  
In TF amputees, the sensory and motor functions of the foot, ankle, knee and shank do 
not exist. These need to be compensated for by a prosthetic device and the body’s 
adaptation mechanisms. The artificial foot-ankle must absorb the impact force at initial 
stance and simulate the plantar-dorsi-flexor muscle actions in the gait cycle. In addition, 
the structure of the foot-ankle complex must generate enough mechanical power and 
produce propulsion force to accelerate the leg. The artificial knee unit must also be able 
to act like a normal knee by absorbing forces transmitted from the shank and mimic the 
normal knee kinematics in the AK prosthesis. Practically, the components of artificial 
limbs cannot act exactly like anatomical structures and this leads to kinematic and kinetic 
differences between the amputees’ prosthetic limb and the normal limb. This further 
leads to compensatory kinematic and kinetic changes in the intact side and the remaining 
part of the limb in the amputated side (the residual limb). A large number of studies 
related to the biomechanics of LLAs’ gait have investigated the effects of different 
prosthetic components (socket designs, suspension systems, prosthetic knees and 
ankle/foot) which is not a matter of interest in this study. Thus, only the general 
characteristic of unilateral LLAs’ gait, with a focus on TF amputees walking using 
mechanical passive prosthetic components, will be reviewed in the following. 
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2.5.2.1 Biomechanics of TF amputees’ walking 
Spatio-temporal variables: The variables related to timing and distances in the walking 
of LLAs are significantly different from able-bodied individuals, and the differences 
become more prominent in higher levels of amputation. Their self-selected speed of 
walking is lower than the age-matched group of non-amputees. In addition, they have 
shorter stride length, and the stance time of their intact limb is longer than their prosthetic 
limb, which results in an asymetrical pattern of walking, including shorter intact limb and 
longer prosthetic limb steps (Jaegers et al., 1995; Nolan, Lee et al., 2003; Farahmand et 
al., 2006; Berke et al., 2008; Uchytil et al., 2013; De Asha et al., 2014; Khiri et al., 2015; 
Jarvis et al., 2017). The longer loading on the intact limb, due to its longer stance, and, 
in contrast, the shorter time of weight bearing on the prosthetic limb are a matter of 
concern because these might lead to tissue pain or joint damage in the intact limb and a 
decrease in the bone density of the residual limb over a long period of time (Berke et al., 
2008).  
Kinematics: The joint motion of the intact lower limb of TF amputees during normal 
walking is similar to non-amputees, but there are various differences in the kinematics of 
their prosthetic side (Figure 2.11). The range of motion of prosthetic limbs has limitations 
in comparison to natural limbs. As can be seen in Figure 2.11-AA, a prosthetic ankle joint 
might provide similar plantar flexion at initial contact. But, the main difference between 
the prosthetic ankle joint and the natural ankle is its inability to simulate plantar-flexor 
muscle functions to produce plantar flexion in the late stance, which is needed for active 
push-off. Figure 2.11-BA also shows that mechanical passive prosthetic knees do not 
have knee flexion during loading acceptance. In fact, amputees cannot control the knee 
flexion during the loading response by generating an active extension moment in the 
mechanical prosthetic knee. Thus, the stance phase knee flexion is restricted by the 
prostheses’ alignment and features (such as the increasing friction between the moving 
components of the prosthetic knee during weight bearing) (Gard, 2016). Both limbs of 
TF amputees have a hip range of motion similar to non-amputees, with a difference in 
timing of its maximum extension (due to the longer stance duration), which happens at 
the end of the stance (Figure 2.11-CA) (Seroussi, R. et al., 1996).   
Lower limb amputees have a sinusoidal pattern of COM displacement similar to non-
amputees, as is shown in Figure 2.9. The range of TF amputees’ COM vertical 
displacement during walking does not differ from non-amputees (Gitter, A. et al., 1995; 
Weinert-Aplin et al., 2017). But, the intact and affected limb’s gait cycles are less 
symmetrical. They represent a higher position of the COM at the prosthesis’s toe-off in 
comparison to non-amputees. This might happen as the result of a prosthetic limb’s 
insufficient propulsion and the absence of plantar flexion (Nolan, Lee et al., 2003). 
Mediolateral displacement of the COM is larger for TF amputees than for non-amputees, 
which is associated with a wider BOS (Weinert-Aplin et al., 2017). 
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Figure 2.11 Pattern of lower limb joints’ angles, moments and powers in non-
amputees (solid line), intact limb of TF amputees (dashed line) and their prosthetic 
side (dotted line) (Modified from Seroussi, R. et al. (1996)) 
 
Kinetics: In general, the peak values of joint moment and power are larger for the 
affected limb hip joint as it requires adjustment with amputation and the compensating 
limitations of a prosthetic device (Winter, 1987). On the other hand, the ankle and hip of 
TF amputees’ intact limbs also experience a change in kinetics due to their 
compensatory and supporting role for the amputated limb (Nolan, L. and Lees, 2000). 
As seen in Figure 2.11, the longer stance of the intact side has a more obvious impact 
on the joint powers of the ending stance in the form of observed delays in A2, K3 and H3 
of the intact limb. A prosthetic ankle-foot has a small plantar-flexor moment due to the 
lack of plantar-flexor muscles and, consequently, an inability to push-off actively. As the 
passive prosthesis remains extended during the stance phase, the knee moment is 
negligible (Figure 2.11-BM), and no power generation or absorption are seen in the 
prosthetic knee during weight acceptance (K1 and K2 in Figure 2.11-Bp). However, it 
has a small flexor moment and large power absorption (K3) due to the damping 
mechanism of the prosthetic knee (Winter, 1987).  
The hip extensor moment at early stance is greater for the intact limb of amputees in 
comparison to the affected limb and to non-amputees, which leads to greater power 
generation. This is an indicator of a dramatic hip extensor concentric contraction (H1 
Figure 2.11-Cp), which is supposed to compensate for the contralateral prosthetic limb’s 
weak push-off via facilitating forward movement of the body. The second noticeable 
difference in the kinetics of the hip joint is seen between the hip flexor moment and the 
eccentric hip flexor contractions (hip power absorption, H2) of the affected limb in 
comparison to non-amputees and the intact limb of TF amputees (Figure 2.11-CM and 
Cp). In the absence of knee flexion and the consequent smaller hip flexion during initial 
stance, the COM is placed posterior to the hip joint. This raises the need for a larger 
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eccentric contraction of the hip flexors (which is seen as a hip flexor moment and hip 
power absorption) to control the extension of the hip and to pull the body on an extended 
prosthetic leg. A sudden transition from H2 to H3 is seen in the affected hip joint of TF 
amputees, which is needed to unlock the prosthetic knee joint before the swing and to 
push the body forward in the absence of ankle push-off power (Seroussi, R. et al., 1996; 
Sjodahl et al., 2002).  
Figure 2.12 demonstrates the pattern of vertical and anteroposterior ground reaction 
force changes of the prosthetic and intact sides of TF amputees during walking at 
different speeds. As is seen, the first peak of vertical force changes with a sharp slope 
after initial contact (which is an indicator of fast loading) and its peak increases at higher 
speed. In addition, the A/P forces are greater for the intact limb (Schaarschmidt et al., 
2012). Castro et al. (2014) have reported similar findings. However, they mentioned the 
second peak of vertical GRF for amputees (the prosthetic side lower than in the intact 
limb) was lower than for non-amputees. In addition, they reported larger mediolateral 
force for both limbs of the TF amputees compared to non-amputees, which has been 
related to the movement of the COM in the coronal plane. The lower A/P forces might 
show that the amputees’ initial contact is more vertical; they might face difficulty when 
trying to decelerate the prosthetic limb and it has a lower capacity for braking (Castro et 
al., 2014). 
 
Figure 2.12 Pattern of Vertical and A/P GRF of TF amputees using a passive 
mechanical knee joint in different walking speed (Adapted from (Schaarschmidt et 
al., 2012) 
 
2.5.2.2 Gait deviations of above-knee prosthesis users  
A simple observation of how LLAs walk might reveal several deviations of their gait from 
normal walking. The pattern of walking might have alterations due to the consequences 
of amputation (i.e. joint contractures, stump pain, muscle weakness) or improper 
construction and alignment of the prosthetic limb (i.e. loose/tight socket, length 
discrepancy between the prosthetic limb and the intact limb, extra stiff or easy motion of 
the prosthetic knee or foot-ankle). The common walking deviations of TF amputees (as 
the amputees who will be studied in this thesis) have been depicted in Figure 2.13 (A, B, 
D, I, J during stance and E, F, G during swing of the prosthetic limb) and their descriptions 
have been presented in Table 2.2 (Berger and Fishman, 1997; Berke et al., 2008; 
Rajťúková et al., 2014).  
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Figure 2.13 Common above-knee prosthesis users’ walking deviations: (A) Foot 
rotation at heel strike, (B) Lateral bending, (C) Wide walking base, (D) Swing phase 
whips, (E) Circumduction, (F) Uneven heel rise, (G) Vaulting, (H) Terminal impact, 
(I) Foot slap, (J) Excessive lordosis (adapted from (Berger and Fishman, 1997). 
 
2.6 Use of Insoles 
According to the practical definition of orthotic insoles or foot orthoses by Dr Kirby:  
“An in-shoe medical device which is designed to alter the magnitudes and temporal 
patterns of the reaction forces acting on the plantar aspect of the foot in order to 
allow more normal foot and lower extremity function and to decrease pathologic 
loading forces on the structural components of the foot and lower extremity during 
weight-bearing activities”. 
Scherer, P.R. (2011), page 1 
Insoles provide a foot-bed for the lower extremity. The design and the materials used for 
insoles define how they affect the relationship between the sections of the foot and the 
more proximal musculoskeletal segments of the limb. The flexibility and rigidity of insoles 
(soft, semi-rigid, rigid), as well as their length (full-length, three-quarter length, heel) and 
contours, provide different levels of control and correction. Insoles might be prefabricated 
to standard patterns or customized individually from the positive cast of the patient’s foot. 
The impacts of insoles are evaluated technically by utilizing different instruments, 
including 3D motion analysis systems, force platforms, pressure plates and mats, 
besides questionnaires and clinical methods (Hsu et al., 2008; Scherer, P., 2011). 
A wide variety of studies have been conducted on the effectiveness of insoles on motion 
tasks (Ball and Afheldt, 2002a; Ball and Afheldt, 2002b), including reducing LBP, overuse 
injuries, improving and helping balance control, as well as correcting the biomechanics 
of lower extremities and improving lower limb alignment, which can be beneficial in 
rectifying joint loading.  
36 
Table 2.2 Description of the common above-knee prosthesis walking deviations demonstrated in Figure 2.13 (Berger and Fishman, 1997; 
Berke et al., 2008; Rajťúková et al., 2014) 
Deviation Description and reasons 
A- Foot rotation 
at heel strike  
It might happen due to an excessive hard heel or plantar-flexor mechanism of prosthetic foot-ankle component or socket’s poor fit. 
B- Lateral 
bending  
Or Trendelenburg pattern which is associated with lateral leaning toward prosthetic limb during weight bearing (back or front view). It might have several 
reasons to occure including painful hip joint or stump, weakness of hip abductor muscles, contracture of hip in abduction position, short prosthesis device, 
pure socket fit, incorrect alignment of socket or prosthetic feet. 
C- Wide walking 
base  
Or abducted gait which might be seen in double support and mid-stance (back view). It might occure due to incorrect shape of socket which leads to 
pain and discomfort in medial side, too long prosthesis, hip abduction contracture, habit or insecure feeling of prosthetic wearer about balance.  
D- Swing phase 
whips  
The whips are seen at toe off (pre-swing) of prosthetic limb (back view). Wrong alignment of the prostehtic knee in frontal plane (with external/internal 
rotation), wearing of the socket with rotation, suspension belt with external/ internal rotation, socket rotated alignment. 
E- Circumduction  It might be observed in mid-swing while the prosthetic limb circulate outward in a curviture manner (back or front view). It might happen beacause of 
insufficient prosthetic knee flexion due to its high resistance/stiff extensor assistant mechanisms or manual lock, discomfort due to high medial brim of 
socket, long prosthetic limb, weak hip flexors, plantar flexion alignment of prosthetic ankle, poor socket fit or poor suspension. 
F- Uneven heel 
rise  
Excessive/inadequate heel rise of prosthetic ankle-foot (side view) at the initial swing might be seen in trun because of low resistance of prosthetic knee 
to flextiom, extream hip flexion/stiff prosthetic knee (due to tight knee flexion resisstance and extonsor assistance mechanisms), amputee’s feeling of 
insecurity about prosthetic knee flexion.  
G- Vaulting  Raising body on intact limb via early ankle plantar flexion during midstance (side or back view) might be due to long prosthetic limb, stiff prosthetic knee 
(due to tight knee flexion resisstance and extonsor assistance mechanisms), poor socket fit, weak hip flexors of amputated limb, or amputee’s habit 
H- Terminal 
impact  
It is a sudden stop of shank which can be visible (side view) or associated with sound impact at terminal swing and full extension of prosthetic knee. It 
might occure due to very strong extensor assisstant of prosthetic knee, worn extension bumper, intentional and fast hip extension of amputated limb for 
secure full knee extension. 
I- Foot slap  A fast plantar-flexion movement immediately after heel contact of prosthetic limb (side view) might happen because of inadequate plantar-flexion 
resistance in the prosthetic foot (too soft plantar-flexion bumper or heel). 
J- Excessive 
lordosis  
It might be seen during weight bearing on prosthetic limb with trunk leaning posteriorly (side view). Insufficient socket flexion, short front brim of socket, 
painful ischial tuberosity, hip flexion contracture, weak hip extensors, and weak abdominal muscles might cause this deviation. 
K- Uneven step 
length 
The differnce between prosthetic and intact limbs’ step lengths might happen due to uneven stance/swing proportion of two limbs, pain in resudual limb, 
feeling unsecure weight bearing by prosthethsis, hip flexion contracture or insufficient socket flexion, uncontrolled motion of prosthetic shank during 
prosthesis swing due to inadequate flexion resistance of prosthetic knee or loose knee extension assistant component.  
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However, all researchers do not support the positive effects of the application of insoles. 
This may be due to the insoles recipients’ biomechanical-physiological differences. Or it 
could be due to the fact that different results may be obtained for the same insole type 
manufactured by various practitioners (Chevalier and Chockalingam, 2012). But, taking 
all of this into consideration, the studies which support using insoles are considerable. 
As unilateral lower-limb amputees are a group of people with a greater chance of 
experiencing imbalance/falling, LBP and intact-side injuries, several studies related to 
the effects of insoles on musculoskeletal problems (including balance, LBP, and lower 
limb injuries) of non-amputees are reviewed in the following section.  
 
2.6.1 Use of insoles for standing balance improvement in non-
amputees 
The reported effectiveness of edged/boundaries tubed (Perry, S.D. et al., 2008; Hijmans 
et al., 2007), arch support (Mulford et al., 2008) and textured insoles (Palluel et al., 2009); 
(Qiu et al., 2012; Wheat et al., 2014; Kenny et al., 2019) on decreasing postural sways 
and/or the risk of falling might be due to their act of somatosensory stimulation. The 
positive effect of commercial insoles in the reduction of fallers’ COP sway (Liu et al., 
2012) or soft/hard insoles on the COP displacements of older people (Losa Iglesias et 
al., 2012; Qiu et al., 2012) during standing balance also might also be based on the same 
reason. The effectiveness of vibrating (Priplata et al., 2003; Lipsitz et al., 2015) and 
magnetic insoles (Suomi and Koceja, 2001) insoles can be derived from their effect on 
blood circulation as well as on sensory stimulation. The long-term use of custom-made 
insoles (correcting the malalignment of foot joints, such as forefoot varus- (Cobb et al., 
2006) and pronated foot- (Rome and Brown, 2004), or any observed flexible 
abnormalities- (Gross et al., 2012)) reduces postural sway by stabilizing the foot joints. 
In addition, using custom-made insoles which have been cast with the subtalar joint in a 
neutral position also led to a reduction of the COP sway after the plantar/dorsi-flexor 
muscles fatigue. It might be due to the contributory function of the insoles to control the 
joint in weakened action of the fatigued muscles (Ochsendorf et al., 2000). In fact, the 
custom-made insoles provide a correct relationship between the components of the foot 
and, consequently, help to provide a balanced function of the muscles passing through 
the ankle joint which, possibly, helps to send better postural feedback to the CNS 
(Leardini et al., 2014). In addition, (Shin, J.Y. et al., 2016) showed that there might be a 
relationship between the amount of contact there is between the surface of the insoles 
and the user’s feet and static balance. They have reported that insoles with full contact 
and partial contact with the medial arch of the foot improved static balance. 
However, several studies have reported no effects of textured/cupped/rigid insoles (Qu, 
2015; Hatton, A. et al., 2012) and insoles with toe-grip bars and short medial support 
heel cups (Nakano et al., 2017) on the static balance of older people.  
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The mentioned literature shows that there are equivocal results regarding the positive 
effects of insoles on balance. It is not possible to reach a firm conclusion without 
considering the reasons balance is impaired in the target groups (Table 2.1). According 
to the reviewed papers, it seems insoles and, particularly, textured insoles can improve 
balance in people with sensory deficiency. It is known that older people suffer sensory 
deprivation (Shaffer and Harrison, 2007), and the mean sensory threshold of their feet is 
higher than young people (Priplata et al., 2003). This might negatively affect balance 
(Cruz-Almeida et al., 2014). In addition, skin sensation of the foot plantar surface 
decreases in fallers (Fujimoto et al., 2015) and individuals with chronic LBP (Lee et al., 
2016). However, the effectiveness of not only textured insoles, but also those with a flat 
surface, on the clinical balance performance of older individuals without sensory 
impairment has also been reported (de Morais Barbosa et al., 2018). In fact, as the 
insoles make a better contact with the BOS through the plantar surface of the feet, they 
can stimulate somatosensory mechanisms (Qiu et al., 2012) and increase input data 
from the environment (the foot’s contact surface) to the CNS and might, thus, improve 
stability. Using rigid materials for insoles may have a similar effect. The 
mechanoreceptors of the foot sole are stimulated when they are in touch with the insoles, 
which leads them to sending more feedback from the environment to the CNS, resulting 
in an improvement in stability (Robbins et al., 1998). Hatton, A.L. et al. (2013) presumed 
the effect of textured insoles on balance depends on having a baseline level of balance 
control in addition to providing an adaption period for cutaneous mechanoreceptors after 
changing the plantar sole contact surface. Many older people prefer to use slippers at 
home, which increases the risk of falling in comparison to walking barefoot. Walking 
barefoot or with socks can also multiply the risk of falling compared to walking with 
athletic or canvas shoes (Ambrose et al., 2013). Thus, as using insoles with socks 
improves the balance in elderly people (Ma et al., 2018), this might be a better option for 
use at home to decrease indoor falling incidences. Interestingly, many participants have 
expressed their desire to continue using insoles following involvement in the related 
studies (Perry, S.D. et al., 2008; Mulford et al., 2008). Accordingly, insoles might be a 
low cost and easily available way to improve the balance of persons at risk of falling, 
such as elderly people and, probably, unilateral LLAs. 
 
2.6.2 Use of insoles in walking (dynamic balance) and for pain 
reduction or prevention of musculoskeletal injuries in non-
amputees 
Besides using insoles to alter the foot pressure in diabetic feet (Martinez Santos, 2016; 
Paton et al., 2011), a huge focus of biomechanical research related to insoles use during 
walking is concerned with the effectiveness of lateral-wedged insoles on lower limb 
kinetics in people at risk of knee osteoarthritis or suffering from it (Arnold et al., 2016; 
Xing et al., 2017; Shaw et al., 2018; Zhang et al., 2018). A review of these studies is 
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beyond the scope of our research because the nature of the utilized custom-made 
insoles, with a considerable number of modifications, which is contrary to the aim of this 
study, with employing prefabricated insoles, resulting in the least amount of alteration to 
the shape of the normal sole. Another area of interest in the field of research looking to 
evaluate insoles used during walking is how their specific design affects the alignment 
of the components of the foot. This is also far from the aims of this study. The results of 
the following studies are more in line with ours. The improvement in dynamic balance in 
the form of an increase in the stability margin (the distance between the extrapolated 
centre of mass and lateral border of the feet) during walking on a treadmill has been 
reported, comparing hard insoles and soft ones (Qu, 2015). The margin has been related 
to the increased somatosensory feedback, the maintenance of the foot in a neutral 
position and, consequently, enhancement of the muscle function in the stability of the 
ankle joint (Qu, 2015). Surprisingly, Hatton, A. et al. (2012) reported an inverse effect of 
textured insoles on the spatio-temporal variables of older fallers in the form of decreasing 
walking velocity and stride/step length. However, no differences were observed in step 
width (as a variable related to balance during walking) after the immediate/long-term use 
of textured insoles (Wilson et al., 2008). Hartmann et al. (2010) also found no differences 
between the walking spatio-temporal variables of two groups of elderly people who had 
12 weeks of training exercises with and without insoles (with projections to stimulate the 
somatosensory system). However, both training groups showed improvement in walking 
speed and step length compared to a control group without any intervention. But, a 
reduction in the variability of elderly fallers’ temporal features of walking (stride, stance 
and swing time (Galica et al., 2009)) and the spatial variables of the healthy elderly (stride 
length and step width (Stephen et al., 2012)) after using vibrating insoles has been 
reported. The results were thought to be due to the effectiveness of the insoles on 
affecting dynamic balance and have been related to the stimulation of the sensorimotor 
system. Based on similar reasons, the use of edged insoles was associated with 
improving dynamic balance control in the form of an increase of the COM-BOS’ lateral 
border distance during walking (Perry, S.D. et al., 2008; Maki et al., 2008). The 
disagreement between the results of these studies might be due to the diversity in the 
level of somatosensory stimulation provided by the experimental insoles and the 
differences in the variables studied.  
We know walking is a routine human cyclical activity, which is associated with repetitive 
loading and unloading of the lower limbs. The lower limb presents a force to the ground 
via the foot after initial contact, which might exceed the body weight, and is considered 
to be an indicator of the load on the limb. Hence, numerous researchers have studied 
insoles use from this point of view. Creaby et al. (2011) found flat insoles, as opposed to 
an insole with a short heel cup and medial arch support, reduced the first peak of vertical 
reaction force during the walking of healthy people. The rate of this loading is also a 
matter of concern as a particular factor might facilitate lower limb injuries (Riskowski et 
al., 2005). Adding a shock absorber to the footwear might change the loading rate. It has 
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been seen that using commercial shock absorber insoles changes the acceleration of 
the tibia in the initial stance phase; this is considered a reduction of the loading rate of 
the limb (Johnson, 1988). Using insoles with arch supports decreases the loading rate 
and the vertical force of the initial stance due to better adjustment of the feet to the 
walking surface (Jafarnezhad Gero et al., 2015). The use of shock absorber insoles was 
also associated with a decrease in pain and the improvement of the physical function of 
patients with knee osteoarthritis, but the biomechanical variables of their walking 
(including vertical tibial acceleration, knee adduction moment peaks, and impulses) did 
not change (Turpin et al., 2012). The studies mentioned indicate insoles might have 
mechanical effects, including supporting the neutral structure and alignment of the feet, 
providing even pressure distribution and reducing the impact in walking. In addition, 
insoles might increase the sensory input to the plantar mechanoreceptor (Hatton, A.L. et 
al., 2013).  
The evaluation of insoles use in the reduction of injuries is another field of footwear 
research. Many studies use qualitative variables, such as pain intensity, to evaluate the 
effectiveness of different custom-made or commercial insoles in the alleviation of pain. 
Longitudinal studies have shown that insoles might affect pain and injuries incidence in 
the lower back and limbs. In fact, a rich body of literature is related to the application of 
insoles for chronic low back pain as a broad musculoskeletal problem. Several such 
studies have recruited military personnel for their research into the effectiveness of 
insoles because participants are available in large numbers (>200), and these 
participants are subject to back and lower limb injuries due to physically demanding long-
term physical training. 
Foot function has relation with LBP (Bird, A.R. and Payne, 1999) and numerous studies 
confirmed the effectiveness of orthotic interventions in the reduction of the condition 
(Dananberg and Guiliano, 1999; Mundermann et al., 2001; Larsen et al., 2002; Shabat 
et al., 2005; Mattson, 2008; Almeida et al., 2009; Cambron, J.A. et al., 2011; Castro-
Méndez et al., 2013; Ferrari, 2013; Williams et al., 2013; Kendall et al., 2014; Sin Lee et 
al., 2015; Mehra et al., 2016; Cambron, J. et al., 2017). Several studies also have 
reported a positive capacity of insoles in the reduction of lower limb soft tissue and/or 
the incidence of bone pain/overuse injuries (Mundermann et al., 2001; Larsen et al., 
2002; Franklyn-Miller et al., 2011; House et al., 2013) or foot pain reduction and comfort 
improvement during daily activities (Mulford et al., 2008; Cho et al., 2009; Turpin et al., 
2012; Amer et al., 2013; de Morais Barbosa et al., 2013; Bahramian et al., 2017). 
Meanwhile, there are studies which did not show a positive effect of insoles use as well 
(reporting effectiveness of semirigid and soft custom-made insoles on LBP incidence 
among foot soldiers (Milgrom et al., 2005);effectiveness of 3 commercial insoles 
including a flat insole made of rough plastic with a fabric top and two insoles with shock-
absorbing materials, on lower limb injuries of air force personnel (Withnall et al., 2006); 
the effectiveness of a rigid custom-made insole on overused lower limb injuries of 
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soldiers (Mattila et al., 2011) during their military service training, with a high level of 
physical activities). There is no single interpretation of the mechanism explaining the 
effectiveness of insoles on pain. Insoles may change the timing of the activity of muscles 
around the lumbar region during walking (Kendall et al., 2014). As walking is a repetitive 
daily activity, changing the muscle activities is associated with altering lower back loads 
(Bird, A. et al., 2003). It should be noted that people with chronic LBP experience fatigue 
of the lumbo-pelvic muscles quicker than those without LBP (Kendall et al., 2014). 
Insoles might make delays in the fatigue occurrence via changing the timing of muscle 
activity. The abnormal alignment of the components of the foot (for example, foot 
pronation) might lead to pelvic tilt and mechanical LBP (Kendall et al., 2014). Insoles can 
change foot alignment and, consequently, affect the alignment of the lower limb (Castro-
Méndez et al., 2013; Kendall et al., 2014; Ball and Afheldt, 2002b), which is linked to the 
pelvis and affects their relationship. It is even possible that the foot orthosis has 
emotional and psychological aspects (Williams et al., 2013). Interestingly, a combination 
of using insoles and other LBP treatments, such as chiropractic, has led to a reduction 
of LBP (Kendall et al., 2014; Mattson, 2008; Ferrari, 2013; Cambron, J. et al., 2017). The 
performance of insoles in the prevention of lower limb overuse injuries is not clear. 
Repeated impact stress is a common feature of such injuries (House et al., 2013). In 
addition, a less pronated foot at heel contact has been reported to be associated with an 
increased risk of overuse injuries (Hesar et al., 2009). Hence, the insoles might be 
effective in preventing lower limb injuries by changing the activation of the musculature 
controlling the ankle during the gait cycles (Murley et al., 2009), correcting the 
malalignment of the foot/lower limb (Urabe et al., 2014) or reducing the impact force in 
shock-absorbing insoles (House et al., 2013). However, it is necessary to keep in mind 
the following facts about the cited studies. The studies were heterogonous from many 
points of view. There were differences in the age and activities of the participants, the 
aetiology of pain, biopsychosocial factors (including such biological factors as genetic 
and biochemical factors, etc.; psychological factors, such as mood, personality, 
behaviour, etc.; and social factors, such as cultural, familial, socioeconomic, medical, 
etc.), as well as the effect of the practitioner on the custom-made insoles, all of which 
might have affected the results. Furthermore, the length of follow-up, the definition of 
pain/injury, or the design of the utilised insoles vary across the studies, which might also 
have resulted in dissimilar results (Kelly and Valier, 2018). Finally, as Bonanno et al. 
(2017) expressed in their review paper, the generalisation of these findings must be done 
with care because the participants in most of the studies, which are related to the 
successful use of insoles to prevent injuries and pain, were military personnel in military 
training conditions, which is different from the general population going about their 
normal daily activities. However, these probable reasons for the diversity in the results 
should not stop new studies being set up to evaluate insoles effectiveness (as a feasible 
intervention, with unclear underlying mechanisms of effect and a significant level of 
supporting research) on musculoskeletal problems.  
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2.7 Discussion and conclusion 
Lower limb prosthesis users might suffer from various musculoskeletal problems due to 
a lack of part of their lower limb, and body adjustments to this loss. A higher rate of LBP, 
loading on the intact side, intact-side pain and falling are some critical problems in lower 
limb amputees’ daily life. In addition, it has been established that the problems of lower 
limb amputees increase in the more proximal location of the amputation due to the loss 
of a greater part of the musculoskeletal system. There are fewer studies available related 
to the biomechanics of TF amputees’ locomotion and balance in comparison to TT 
amputees, which encourages us to consider it as an opportunity to enhance 
biomechanical knowledge regarding balance and walking. The referred studies have 
shown that biomechanical evaluation of the daily activities of impaired people - including 
the balance of fallers and lower limb amputees (as a group which is at risk of falling in 
addition to lacking part of their locomotion structure) - through using motion analysis 
systems can give better insight into the biomechanical differences between them and 
non-impaired people, and can be beneficial in seeking the solutions required to enhance 
their balance and safety in their regular daily activities.  
To date, the work related to improving the biomechanics of amputees’ locomotion has 
mostly been focused on the amputated side, and on prosthetic design. It is necessary to 
remember that the capacity of the prosthetic device has limitations, and in the end, it is 
the intact-side that adjusts to different conditions to restore balance; thus, its health and 
support are a matter of great concern. It seems less attention has been paid to solving 
or preventing intact-side problems. This gap provides an opportunity for investigation into 
the possibility of enhancing the functionality of amputees (in terms of improving their 
balance and the spatio-temporal characteristics of walking to bring them closer to non-
amputees’ balance and walking characteristics) and preventing unwanted events (such 
as falling) in their daily activities by applying external changes in the intact side; e.g., 
using orthotic devices to correct biomechanical variables. The position of the COP in the 
BOS, and its relationship with the COG, influence human balance during standing and 
walking. As has been mentioned, the COP is the action point of the ground reaction 
forces on the plantar surface of the foot (Winter, 1995). Thus, the manipulation of the 
COP position and GRF distribution by using insoles might affect balance. In spite of 
equivocal studies about the effectiveness of insoles on the musculoskeletal system and 
the mechanism of their effects, more studies about different groups of people with 
musculoskeletal problems can help to enlighten us regarding their use. It should be 
noted, no study has been found related to the use of insoles among lower limb prosthesis 
users. Although, some studies confirm the effectiveness of insoles on decreasing lower 
limb musculoskeletal injuries and pain, or in the improvement of the static and dynamic 
balance of non-amputees.  
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By considering the mentioned facts about lower limb amputees’ problems, and according 
to the different aspects of insoles effectiveness in non-amputees, this thesis assumes 
that insoles are useful for improving lower limb amputees’ intact-side conditions.  
2.7.1 Aims and objectives 
The three main purposes of conducting this research were: 1) to provide an up-to-date 
data collection related to LLAs’ problems, which might be improved via biomechanical 
interventions; 2) to investigate the effectiveness of insoles use on the biomechanics of 
perturbed standing balance and level walking of above-knee prosthetic users,; 3) to 
characterise the biomechanics of above-knee prosthetic users’ perturbed standing 
balance, and to compare these with the same activities being performed by non-
amputees. To achieve these aims, the following objectives were considered: 
• To investigate LLAs’ issues in the areas of functionality (mobility and balance 
during daily living, in addition to fear of falling and falling experience) via a 
comprehensive online survey and literature review  
• To assess the function level of the TF amputees who participated in the 
biomechanical tests in this study, according to the spatio-temporal variables of 
level walking and their ABC scale and PEQ-M scores  
• To characterise and compare selected biomechanical features of TF amputees 
and non-amputees walking. These selected variables are: the spatio-temporal 
variables of walking (including walking speed, step/stride length, stride time, 
duration of stance and the swing phases of each limb), COM displacements 
(vertical, mediolateral), the mediolateral displacement of the COP, the distance 
between the COP- lateral border of the BOS at mid-stance, the distance between 
the COG and the lateral border of the BOS at mid-stance, the angular motion of 
the ankle joint in the sagittal plane, the initial stance loading rate, the lower limb’s 
joint powers and the moments in the sagittal plane 
• To investigate the effects of insoles use on the previously mentioned selected 
biomechanical features of TF amputees’ and non-amputees’ walking 
• To characterise and compare the selected biomechanical features of TF 
amputees’ and non-amputees’ perturbed standing balance. These selected 
biomechanical features are: the amplitude of each limb’s COP displacements (in 
anteroposterior and mediolateral directions), the amplitude of the distance 
between each limb’s COP and COG, the amplitude of each limb’s GRF 
(anteroposterior, mediolateral, vertical forces), the load sharing of each limb 
during one second before load release (anteroposterior, mediolateral vertical 
forces), the load sharing of each limb at five seconds after load release 
(anteroposterior, mediolateral vertical forces), the amplitude of the joint (ankle 
and hip) moments in the sagittal plane due to load release, the contribution of 
the ankle and hip of each limb in the SUM moment during one second before 
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load release, and the contribution of the ankle and hip of each limb in the SUM 
moment at five seconds after load release  
• To investigate the effects of insoles use on the previously mentioned selected 
biomechanical features of the amputees’ and non-amputees’ perturbed standing 
balance  
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Chapter 3  
Study 1: Balance and Mobility in Lower Limb Amputees 
3.1 Introduction 
Healthcare services have been enhanced globally (Ortiz-Ospina and Roser, 2017), 
which has resulted in a worldwide increase in life expectancy (WHO, 2016). The world’s 
population is getting older, and this is more obviously apparent in developed countries 
(United Nations. Department of Economic and Social Affairs. Population Division., 2010). 
These facts show that, besides the possible increase in traumatic amputations among a 
growing world population, the number of people experiencing complications related to 
older age (such as dysvascular diseases including diabetes and peripheral arterial 
disease, which are the main causes of amputation in older age) will also increase, which 
means that amputations will continue to exist and affect different aspects of life for a 
significant section of society. The consequences of amputation include changes to the 
appearance of the body (cosmesis) and the psychological impacts of this, impaired 
mobility and, possibly, independence in normal life (Gitter, A and Bosker, 2005a).  
The lost limb function and cosmetic normally are regained partially by using an external 
artificial device (prosthesis). The loss of lower limbs affects the role of the limbs in 
locomotion and weight bearing in standing. However, a prosthetic device is not as good 
as a natural limb, and its usage can be associated with numerous problems. Different 
studies have frequently reported the prevalence of lower back pain (Gailey et al., 2008; 
Ehde et al., 2001; Ephraim et al., 2005; Kusljugic et al., 2006; Sattar, 2007; Devan et al., 
2012), falling incidents (Kulkarni et al., 1996; Miller, W C. et al., 2001; Arnold et al., 2016; 
Steinberg et al., 2019) and injuries due to falling (Arnold et al., 2016; Hunter et al., 2017) 
among LLAs. In addition, the incidence of osteoarthritis in the intact limb joints of LLAs 
is higher (Gailey et al., 2008; Struyf et al., 2009; Farrokhi et al., 2016) due to there being 
more dependence on the limb (Nadollek et al., 2002; Farahmand et al., 2006; Vrieling et 
al., 2008a; Lloyd et al., 2010; Morgenroth et al., 2012). At the same time, the QOL as a 
multidimensional concept with different factors [108][108][23](23) might be disturbed in 
LLAs. Mobility, balance confidence, physical performance and pain experience might 
affect different aspects of the sufferer’s QOL. Thus, conducting frequent research related 
to prosthetic use can be helpful to find ways of improving LLAs’ QOL. Our related 
research plane was designed in early 2015. The published research before it comprised 
of separate studies, each one focusing on a limited aspect of an LLA problem. In addition, 
the studies were bound to specific geographical areas or were restricted to a specific 
level of amputation. The fewest studies evaluated possible relationships between 
balance/mobility deficiencies, LBP and its disabling effects. Accordingly, while the 
participants in the biomechanical tests of this study (Chapters 4 and 5) were from Iran, 
no prior research was found reporting balance confidence and functional disability due 
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to LBP in Iranian LLAs. Based on this situation, a comprehensive questionnaire needed 
to be developed to explore the problems experienced by LLAs in a global setting and to 
collect up-to-date information about the issues associated with prosthetic use by users 
from around the world. The object of designing of this self-report survey was to examine 
the inter-relationship between different general variables (such as age-at-amputation, 
amputation cause, level of amputation) and mobility, balance self-evaluation and 
lessened functionality due to low back pain. This questionnaire, in contrast to most 
others, collected data regarding several aspects of LLAs’ routine life at a single point in 
time (including the ability to move around, falling experiences, balance confidence during 
specific daily activities, and low back pain felt at points during several daily activities). 
The sections related to mobility evaluation and balance will help us to have a better 
understanding of the functionality of LLAs during their daily activities which are affected 
by these issues. In addition, this understanding will add to the present knowledge about 
any possible relationships existing between unpleasant conditions, such as intact-side 
or low back pain, and balance or mobility deficiencies, in LLAs. The survey also helps to 
have a more precise understanding about LLAs’ needs and problems which can be 
handled and improved by various experts from different scientific fields, including 
physiotherapist, prosthetists, biomechanists and engineers. On the other hand, The 
online nature of the survey permitted us to collect data from participants from a range of 
countries. It provided knowledge about LLAs regardless of where they lived and the 
technological level of devices they might be using.  
This chapter presents the results of the online questionnaire and investigates the 
statistical relationship between its various parameters. The objective of this chapter is to 
answer the following research questions:  
• Focusing on their amputation and prosthetic use, and particularly related to their 
mobility (PEQ-M score) and balance (ABC Scale score, falling experience, worry 
about falling, aided walking), what are the main issues LLAs face during their daily 
activities? 
• Is there any inter-relationship between balance and mobility?  
• Is there any association between body sensations/LBP and balance/mobility 
deficiencies? 
3.2 Methodology 
3.2.1 Structure of the Questionnaire 
The questionnaire was developed to evaluate functionality and significant physical 
issues, such as balance problems, contralateral limb and low back pain conditions, in 
addition to certain aspects of daily prosthesis use encountered by LLAs, in a cross-
sectional study design. The survey was formed by combining three standard 
questionnaires and is comprised of 52 questions drawn from the Prosthesis Evaluation 
Questionnaire (PEQ) (Legro MW et al., 1998), the Activities-specific Balance Confidence 
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(ABC) Scale (Powell and Myers, 1995), Oswestry Low Back Pain Disability Index (ODI) 
Questionnaire (Fairbank and Pynsent, 2000). Only the first questionnaire is specifically 
related to amputees and, together with the two other questionnaires, was adapted to fit 
the study’s goals. For example, the original PEQ questionnaire uses a visual analogue 
scale format. In addition, for both the PEQ and ABC questionnaires, scores should be 
given on a 0-100-point scale. This was changed to a 0-10-point scale. It is important to 
know that the ABC Scale questionnaire was originally developed to examine the physical 
functioning of older people from a balance confidence point of view. However, its 
reliability and validity have been confirmed for LLAs as well (Miller et al., 2003) and, 
accordingly, it has been adapted to the survey. Similarly, the Oswestry Disability 
Questionnaire which was developed to evaluate levels of disability in daily life caused by 
LBP, has been shown to be a valid tool. These questionnaires are freely available1 in the 
public domain, available from various research organizations and sources. Three 
attempts were made to contact The Prosthetic Research Study (the developers of the 
PEQ) via the email address on their website (email addresses: info@prs-research.org, 
peq@prs-research.org) to inform them that we were using their questionnaire (as 
requested on the web site) but no response was received. The mixed, new questionnaire 
had 15 main sections containing 116 questions (Appendix A). These covered: 
background questions (e.g., age, gender, country location); questions about general 
health; the level of amputation; time since amputation; pain on the non-amputated side 
and where it is situated ; prosthetic satisfaction; self-determined QOL; body sensations; 
the social and emotional aspects of using a prosthesis; mobility; the most important 
aspects of a lower limb prosthesis for the respondents; balance confidence during given 
daily activities; falling experience; and any experience of low back pain and related 
details (e.g. intensity and its effect on different aspects of routine life, such as personal 
care, sitting, standing, sleeping, etc.). The questions were Yes/No or multiple choice; in 
addition, a Likert type scale (0 to 10) or nominal choices were used for rating questions. 
The questionnaire was initially prepared in English and later translated to Persian 
(Appendix A1 and A2). The validity and reliability of the Persian versions of these 
questionnaires have been approved separately (Adel Gomnam et al., 2016); (Hassan et 
al., 2015); (Zarrinkoob et al., 2017); (Mousavi et al., 2006). The online questionnaire was 
created by using a BOS online survey tool
2
 and was published after receiving approval 
from the Faculty of Biological Sciences Research Ethics Committee (Reference number 
BIOSCI 15-005; Appendix B). As part of the ethical principles of the research, a general 
explanation, including the purpose, its parts and assuring to keep the information 
confidential, was provided on the first page of the survey. The participants proceeded 
with the survey only after accepting the conditions. The software provided the 
 
1  PEQ survey at http://www.prs-research.org/Texts/PEQ_A4.pdf, ABC Scale questionnaire at 
https://geriatrictoolkit.missouri.edu/Activities-specific-Balance-Confidence-Scale.rtf, and the ODI 
questionnaire at http://www.rehab.msu.edu/_files/_docs/oswestry_low_back_disability.pdf 
2 Available at https://www.onlinesurveys.ac.uk/ 
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participants with the opportunity to leave the study at any time they wished. It was 
possible for participants to leave their contact address on the last page if they were 
interested in receiving information about the results (Appendix A). The translated Persian 
version was also published by the same tool. 
 
3.2.2 Participant Recruitment 
The inclusion criteria for participation were as follows: older than 18 years of age, being 
a lower limb amputee with any level of amputation (from ankle-foot to hemipelvectomy), 
must be more than six months post amputation surgery, to have experience of prosthesis 
use of more than two months, to be able to understand questions in English or Persian. 
The recruitment process for the English and Persian versions followed different stages. 
At the start of November 2015, an online search was conducted to find LLA support 
groups in the UK. The keywords used in the search were: amputees, LLAs, limbless, 
limb loss, amputee support group and prosthetic user groups. An introductory message 
(Appendix C) was sent to all of those found to request sharing the English survey with 
their members. Some of them replied positively about sending the survey on to their 
mailbox contacts and by advertising the survey on their webpage/electronic newsletter 
or Facebook pages. The email was resent to the non-responding groups at about two 
months and at 1.5-years. As only 64 respondents participated in the survey, a further 
online search was performed to find related web pages/Facebook groups or pages in 
other English-speaking countries, including Australia, Canada, Ireland, New Zealand, 
South Africa and the USA, at the start of July 2017. Messages or emails were sent to the 
found web pages or Facebook pages and groups which had more than 500 members.  
Publicising the Persian version was conducted by using a different procedure. Efforts to 
communicate by email with probable amputee networks/webpages totally failed, and no 
feedback was received in reply to the survey-related messages. Therefore, the 
researcher decided to promote the Persian survey through face-to-face communication 
or phone contact during her two months stay in Iran to perform biomechanical tests 
(Sept. and Oct. 2016). The Persian version was partly publicised during the recruitment 
process for the biomechanical tests. The researcher attended the Iranian Red Crescent 
prosthetic clinic in Tehran and advertised the questionnaire verbally to the attendants 
and prosthetists. As Telegram Messenger3 is the most popular and widespread online 
messaging service in Iran, the researcher explored the possibility of finding channels and 
groups related to communities of the disabled in this android application and advertised 
the Persian version of the survey by sending a request to their admins. In addition, the 
researcher asked her friends who are rehabilitation professionals (14 colleagues) to 
introduce the survey in their networks and publicise the hard copy of it in their 
communication with LLAs (this part was closed after one year). The amputees who 
participated in the biomechanical tests (13 participants) completed the hard copy of the 
 
Available at https://telegram.org/ 
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questionnaire while attending their test sessions. Finally, the researcher transferred the 
hard copy of the completed Persian questionnaires to a BOS online survey tool for later 
statistical analysis. 
 
3.2.3 Statistical Analysis 
All the continuous variables were checked for normality of distribution. Descriptive data, 
such as frequencies and percentages of participants in each category of nominal 
variables, are presented. The Chi-square test was used to assess the association 
between categorical variables (nominal and ordinal variables). In the case of the Chi-
square’s assumption violation (more than 20% of the cells had an expected count of less 
than 5), the p-value of the likelihood ratio Chi-square was considered for assessment of 
significant association (McHugh, 2013). In addition, the Phi coefficient (for 2 by 2 tables) 
and Cramer’s V (for tables more than 2 by 2) are reported to indicate the strength of 
association in the Chi-square tests. The value interpretation depends on the number of 
categories of compared variables. The 𝑑𝑓∗  is the smallest number gained from the 
number of categories for each variable (-1), which will be considered as the criteria of 
association magnitude. Table 3.1 (Pallant, 2016).  
Table 3.1 interpretation of Phi coefficient and Cramer’s V as criteria of relation 
magnitude in Chi-square test (Kim, 2017) 
 Strength level 
df ∗ small medium large 
1 0.10 0.30 0.50 
2 0.07 0.21 0.35 
3 0.06 0.17 0.29 
4 0.05 0.15 0.25 
5 0.04 0.13 0.22 
 
Independent-samples t-test and one-way ANOVA were used to evaluate the differences 
of the numerical variables with normal distribution between two groups or more. The 
effect size, which was calculated using Etta squared (η2) in the t-test and ANOVA, 
interprets 0.01-0.059 as a small effect, 0.06-0139 as a moderate effect and ≥0.14 as a 
large effect. The Kruskal-Wallis H was utilized as a non-parametric alternative to ANOVA 
for non-normal variables. The Pearson product-moment correlation coefficient, and 
Spearman’s correlation as its non-parametric replacement, were used to investigating 
the relationship between two numerical variables (the strength of the relationship can be 
interpreted by the value of the extracted “r” or “rho”, according to the values in the first 
row of Table 3.1) (Pallant, 2016). The statistical analyses were conducted using SPSS 
version 23.0 (IBM Corp, 2015), with the level of significance set at p ≤ 0.05 for all 
analyses.  
3.3 Results 
The focus of this thesis, which will be presented in Chapter 4 and 5, is on the 
biomechanics of balance and the functionality/mobility of trans-femoral amputees. These 
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features are partly assessable through PEQ-M and ABC scale questionnaires. 
Accordingly, the related results of LLA participants in the survey will be presented and 
discussed in the following sections. Other parts of the survey also gave valuable 
information about the condition and problems of lower limb amputees. The results related 
to other parts of the survey (including body sensation (intact and amputated limbs); 
prosthesis use (quality and effects); the self-efficiency aspects of prosthesis use 
(emotional/social aspects, satisfaction, important aspect for amputees); the total scores 
of prosthesis evaluation; and the results related to the ODI) and a comparison of the 
PEQ-M, ABC scale and ODI of participants from various countries will be presented in 
Appendix D.  
3.3.1 General information 
A total number of 167 responses were collected. Ten participants were not LLAs and 
their data were eliminated from the analysis. Two more responses were excluded 
because of a very young age (3 years) and one because the respondent was a recent 
amputee who had no experience of using a prosthetic device. The mean age of the 
majorly male (61.9%) participants was 54.7 years (SD±12.1). Most of the respondents 
learned about the survey via Facebook Groups (70 persons, 45.2% of respondents), 
support group newsletters (34 persons, 21.9% of respondents) and biomechanical 
tests/face-to-face encounters with the researcher in Iran (18 persons, 11.6% of 
respondents). Most participants were in their 6th (53 persons, 34% of participants) and 
7th (43 persons, 28% of participants) decades of life (Figure 3.1).  
 
Figure 3.1 Participants age groups percentage 
 
The largest proportion of respondents were below-knee amputees (71 persons, 46% of 
participants), followed by above-knee amputees (57 persons; 37% of participants). 
Twelve percent of participants (18 persons) were bilateral amputees (Figure 3.2). Fifty-
nine percent of female participants were below-knee amputees and 49% of male 
participants were above-knee amputees. In addition, all hip-disarticulated participants (2 
persons), half of the bilateral amputees (9 persons) or those with knee disarticulation (2 
persons) were female.  
The respondents’ (155 persons) general characteristics, including country, the cause of 
amputation, years with amputation and age-at-amputation, are outlined in Table 3.2. 
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Figure 3.2 Amputation level and location 
 
Table 3.2 Respondents general characteristics 
Characteristic Frequency 
Gender: Male (female) Male: 96, Female: 59 
Country  
 UK 50 (32%) 
 Iran 37 (24%) 
 Australia 33 (21%) 
 USA 20 (13%) 
 Other Countries* 15 (10%) 
Cause of amputation** (%)  
 Serious trauma/injury (including war-related injuries) 73 (47.1%) 
 Severe infection 31 (20%) 
 Limited function due to deformity or severe pain 16 (10.3%) 
 Peripheral arterial disease 12 (7.7%) 
 Secondary to Diabetes 12 (7.7%) 
 Other*** 12 (7.7%) 
 Cancer 10 (6.45%) 
 Congenital condition 8 (5.16%) 
Time since amputation (years) ±SD 16.74 ±17.42 (Median= 8.38) 
 Min-Max (years) 0.48-66.9 
 under 5 years 64 (41.3%) 
 More than 20 years 52 (33.5%) 
 6-10 years 25 (16.1%) 
 11-20 years 16 (10.3%) 
Age-at-amputation M±SD 37.93 ±19.47 (Median=41.3) 
 Min-Max (years) 0-72.2 
 Under20 years (percentage) 34 (21.9%) 
 20-39 years (percentage) 39 (25.2%) 
 40-59 years (percentage) 61 (39.4%) 
 Over 59 years (percentage) 21 (13.5%) 
* including Canada (7), South Africa (3), New Zealand (2), Mexico (1), Malta (1), Northern Ireland (1).  
** Multiple answers were allowed, thus, the total percentages may be more than 100. 
*** other causes including blood clot (2), Burst blood vessel via Ehlers-Danlos Syndrome, Causelga. 
Reflex sympathetic dystrophy, Charcot Marie Tooth Disease, Complications from complex regional pain 
syndrome, Deep Vein Thrombosis, Elective amputation after several failed orthopaedic, Eosinophilic 
Fasciitis/Gout/Cellulitis, Ollier Disease (Tumour), Tumour, Medical Mistake 
 
In the description of the stump condition, most participants expressed no problems with 
their stump (80 persons, 51.6% of respondents). However, the majority of them reported 
phantom pain (102 persons, 65.8% of respondents) (Figure 3.3).  
 
Figure 3.3 Stump condition and phantom pain (question number 22 and 23, 
Multiple answers were allowed, thus, the total percentages may be more than 100). 
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Figure 3.4 and Table 3.3 indicate the prevalence of pain in the residual limb (stump pain), 
painful phantom limb sensation and non-painful phantom limb sensation (questions 48, 
51, and 55).  
 
Figure 3.4 Frequency of painful/non-painful phantom limb and pain in stump 
(questions number 48, 51, 55) 
 
Table 3.3 Frequency of painful/non-painful phantom limb and pain in stump 
 sensation 
frequency 
Non-painful 
phantom limb 
Phantom 
pain 
Stump 
pain 
never 20.6% 31.6% 23.5% 
only once or twice 17.4% 18.1% 18.3% 
a few times (about once per week) 8.4% 10.3% 13.0% 
fairly often (2-3 times per week) 12.9% 14.8% 13.7% 
very often (4-6 times per week) 11.6% 8.4% 10.5% 
several times every day 8.4% 9.0% 11.8% 
all the time or almost all the time 21.3% 7.7% 9.2% 
Total number of responses 155 155 153 
 
Most subjects experienced some sensation at some time in each of the three sensation 
categories, while 21.3%, 7.7% and 9.2% of participants experienced non-painful 
phantom pain, painful phantom limb and stump pain respectively (-, - -) all of the time or 
almost all of the time.  
Pain experience in the non-amputated side, and its location during walking or after, have 
been presented in Figure 3.5. Among 137 participants (the unilateral amputees), the 
more frequent pain in the non-amputated side was related to the knee joint (37.2%) and 
hip joint (31.4%). Almost one third of the participants reported no pain in their intact limb.  
Figure 3.6 shows the percentage of respondents in different categories and their intact-
side pain frequency. Twenty-seven percent of unilateral amputee respondents had never 
felt pain in their intact side. However, 10% of the participants had these feelings all the 
time or almost all the time. 
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Figure 3.5 Pain condition of the non-amputated side during last 4 weeks (Multiple 
answers were allowed, thus, the total percentages may be more than 100) 
 
 
Figure 3.6 Frequency of pain experience in the intact limb during last 4 weeks 
(Q58) 
 
Table 3.4 gives a picture of the prevalence of sensations, pains and balance-related 
qualities among the participants. 
Table 3.4 Prevalence of body sensations, LBP, falling experiences during last 12 
months, being worried to fall among the participants 
 Body sensations     
 Phantom 
limb 
Phantom 
pain 
Stump 
pain 
Intact 
limb pain 
LBP Walking 
aids 
Faller Worried 
about falling 
Frequency  
(% of responses to the question) 
124 
(80%) 
102 
(66%) 
117 
(76.5%) 
99 
(64%) 
117 
(75.5%) 
91 
(59%) 
96 
(62%) 
111 
(72%) 
 
The majority of participants wore their prosthetic device the whole day or most of the day 
(118 persons, 76.1% of respondents), and only two participants currently do not use their 
prosthesis and three rarely use it (Figure 3.7). 
 
Figure 3.7 Frequency of prosthesis use (Q21) 
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Figure 3.8 provides the level of satisfaction respondent’s felt related to their prosthesis, 
walking, QOL and the training received when they started using the prosthesis (19.7% 
stated that they received no training). The respondents were asked to score from 0 to 10 
in reply to each question. Generally, the majority of respondents were satisfied with each 
condition. 
 
Figure 3.8 Percentage of lower scores (0-4), neutral (5) and higher scores (6-10) 
for questions 77-80. The dashed pattern shows the number of respondents 
without receiving training sessions. 
 
The scores given to several selected important aspects of prosthesis use are displayed 
in Figure 3.9. The selected items include the importance of prosthesis appearance, the 
importance of the ability to wear different shoes, bothersome swelling of the residual 
limb, and the importance of the ability to walk up steep hills. Respondents were asked to 
score from 0 to 10 to show the level of each item’s importance, where a 0 score was for 
least importance and 10 was the indicator of the highest level of importance. However, 
the scores for bothersomeness of stump swelling were inverted to adjust to the previous 
question’s scoring. The figure indicates that all items, except bothersomeness of stump 
swelling, had a high level of importance for more than 50% of respondents. The lowest 
percentage of respondents had a concern about the bothersome swelling of residual limb 
(33.1% of respondents), and most gave importance to walking up steep hills (73.9% of 
respondents).  
 
Figure 3.9 Percentage of lower scores (0-4), neutral (5) and higher scores (6-10), 
given to questions related to the importance level of the certain aspects of 
prosthesis use. 
 
3.3.2 PEQ-M (Mobility) 
Figure 3.10 shows the responses to the questions about the ability to move around and 
perform some routine tasks (PEQ-M, questions number 64-76). The respondents were 
asked to score from 0 to 10 in reply to each question. In this diagram, the darkest colour 
lying most to the left is for the score 0, which is worst score, versus the lightest colour, 
lying most to the right, which shows the score 10, which represents the best score. The 
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total score had an average value of 5.74 (± 2.38, MED=5.92, N=153). The lowest scores 
were given to questions about the ability to walk on a slippery surface and the ability to 
walk down/up a steep hill, followed by the ability to sit down/get up from a low/soft chair. 
The ability to move up/down stairs seems to be the most difficult tasks for the 
respondents. 
Figure 3.11 shows the percentage of responses to the same questions (Figure 3.10) in 
the form of weaker scores (0-4), a neutral score (5) and higher scores (6-10)). Most of 
the respondents gave higher scores to questions related to the ability to sit down and get 
up from a chair (70.1%), the ability to take a shower/bath safely (69.5%), the ability to 
walk in a closed space (68.2%), the ability to sit down and get up from the toilet (66.9%), 
the ability to walk (66%), and the ability to walk on pavements and streets (61.7%). More 
than 40% of participants selected the lowest scores for questions related to the ability to 
walk down (68%)/up (60.5%) a steep hill, the ability to walk on a slippery surface (63.6%), 
and the ability to sit down and get up from a low/soft chair (43.5%). 
The PEQ-M score was gained by averaging the scores of questions numbered 64-76. 
There was no significant relationship between the PEQ-M score–age (p=0.21) and the 
score across males (n=96, MED=6.41) and females (n=59, MED= 5.93), with 77 as the 
mean rank of both (p=1).  
No difference was observed between the PEQ-M score of: 1 - age-at-amputation groups 
(p=0.795); 2 - amputation cause groups (p=0.23); 3 - time since amputation categories 
(p=0.88); 4 - location of amputation groups (p=0.24); and 5 - age-at-amputation (p=0.58). 
No significant differences were observed (p=0.27) between the PEQ-M score of 
participants with phantom limb (Mean rank=75.02, n=122, MED=5.73) and without 
phantom limb (Mean rank=84.79, n=31, MED= 6.85). However, there was a significant 
difference (𝜒2(1)= 14.29, n=153, p<0.001) between the PEQ-M score of participants with 
phantom pain (Mean rank=67.71, n=104, MED=5.54) and without phantom pain (Mean 
rank=96.72, n=49, MED=7.23). Similarly, there was a significant difference (𝜒2 (1)= 
11.68, n=151, p=0.001) between the score of participants with stump pain (Mean 
rank=69.2, n=115, MED=5.69) and without stump pain (Mean rank=97.74, n=31, MED= 
7.38).  
There was a positive relationship between the bodily sensation-both sides score and the 
PEQ-M score (rho=0.52, n=144, p<0.001). A moderate-strong positive relationship was 
also observed between the “amputated-side bodily sensation” score and the score of the 
PEQ-M (rho=0.49, n=137, p<0.001). 
A significant difference (𝜒2(1)= 12.52, n=134, p<0.001) was found between the PEQ-M 
score of participants with intact limb pain (Mean rank=60.17, n=97, MED=5.69) and 
without intact limb pain (Mean rank=86.72, n=37, MED= 7.38). 
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Figure 3.10 Responses to questions related to the ability to move with prosthesis, darkest colour represents worst score (0) and lightest 
colour is for highest score (10).  
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Figure 3.11 Percentage of worse scores (0-4), neutral (5) and better scores (6-10) to questions related to PEQ-M 
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There was a positive moderate relationship between the intact limb bodily sensation 
score and the PEQ-M score (rho=0.475, n=96, p<0.001). 
There was a positive strong relationship between the emotional/social aspects score and 
the PEQ-M score (rho=0.604, n=153, p<0.001). A positive strong relationship was also 
found between the “satisfaction” score and the PEQ-M score (rho=0.74, n=153, 
p<0.001). 
There was a strong positive relationship between the PEQ-M score and the emotional 
aspects score (rho=0.604, n=153, p<0.001). The high/low scores of each variable were 
associated with the high/low scores of the other item.A strong positive relationship 
between the PEQ-M score and being satisfied with prosthesis score was observed 
(rho=0.743, n=153, p<0.001). The high/low scores of each variable were associated with 
the high/low scores of the other item. 
There was a significant difference between the score across three categories of QOL 
(𝜒2(2)= 68.105, n=152, p<0.001). The mean rank and median were highest for the best 
level (98.86, MED=7.15, n=92, M±SD=6.98±1.7) and lowest for the worst level (31.73, 
MED=2.96, n=42, M±SD=3.25±1.76). For the neutral level (score 5), the values were: 
mean rank=66.67, MED=5.04, n=18, M±SD=5.35±1.7. The post hoc test revealed a 
significant difference between the best-worst scores (p<0.001), best-neutral level 
(p=0.014), worst-neutral level (p=0.015). 
The relationship between the PEQ-M score and the Quality of Life score was in 
agreement with the above results. A strong positive relationship between two variables 
existed: rho=0.69, n=152, p<0.001. The high/low scores of each variable were 
associated with the high/low scores of the other item. 
 
3.3.3 Results related to balance 
Balance of participants was evaluated via questions related to history of fall experience 
during the last 12 months, their feeling of worry about falling, their use of aids to walk, 
and their scores from the ABC questionnaire.  
 
3.3.3.1 Falling experience  
Questions 87 and 88 asked the respondents about being worried about falling when 
using their prosthesis, including the level of worry, their falling experience and the 
number of fall events they had experienced during the last 12 months.  
Among the total number of 155 respondents, 96 (61.9% of total respondents) had an 
experience of falling during the last 12 months (question 88). Among fallers, the most 
frequent number of falls were two, three and more than 10 times, experienced by 18, 16 
and 13 participants, respectively. 
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No statistical association was found between falling experience and: 1 - frequency of 
prosthetic use (p=0.086). The percentage of falling participants was highest (79%) 
among those using their prosthesis every day, all or most of the day; 2 - gender 
(p=0.402); 3 - age groups and previous fall experiences (p=0.86); 4 - participants’ country 
of residence (p=0.113); 5 - time since amputation categories (p=0.702); 6 - amputation 
cause categories (p=0.84); and 7- amputation location categories (p=0.13). 
There was a moderate difference between the experience of falling in age-at-amputation 
groups (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](3, 𝑛 = 155) = 9.46, p=0.024, 𝑑𝑓∗ = 1,  Cramer’s V=0.247). As is 
seen in Table 3.5, the highest rate of fall experience was experienced by participants 
suffering an amputation before the age of 20 (79.4%) and the lowest rate is for those 
having an amputation after the age of 59.  
There was no significant difference (p=0.379) in age for participants with falling 
experience (M±SD=54.51±12.66) and without it (M±SD=54.9±11.34). No significant 
differences were observed between the time since amputation as well as age-at-
amputation among participants with or without falling experience (respectively, p=0.176 
and p=0.18). 
A moderate association existed between experience of falling and worries about falling 
(𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 = 155) = 14.15, p<0.001, 𝑑𝑓∗ = 1, Phi=0.302) (Table 3.5).  
Table 3.5 Association between age-at-amputation groups and falling experience 
during last 12 months 
   Fall experience Total 
   yes no 
A
g
e
-a
t-
a
m
p
u
ta
ti
o
n
 g
ro
u
p
s
 (
y
e
a
rs
) 
≤
1
9
 
Count 27 7 34 
% within the amputation age-group 79.4% 20.6%  
% within fall experience 28.1% 11.9%  
% of Total 17.4% 4.5% 21.9% 
2
0
-3
9
 Count 19 20 39 
% within the amputation age-group 48.7% 51.3%  
% within fall experience 19.8% 33.9%  
% of Total 12.3% 12.9% 25.2% 
4
0
-5
9
 Count 40 21 61 
% within the amputation age-group 65.6% 34.4%  
% within fall experience 41.7% 35.6%  
% of Total 25.8% 13.5% 39.4% 
≥
6
0
 
Count 10 11 21 
% within the amputation age-group 47.6% 52.4%  
% within fall experience 10.4% 18.6%  
% of Total 6.5% 7.1% 13.5% 
 
As can be seen in Table 3.6, a moderate association existed between experience of 
falling and worries about falling (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 = 155) = 14.15,  p<0.001, 𝑑𝑓∗ = 1, 
Phi=0.302).  
A significant difference was seen between the PEQ-M score of faller/non-faller 
participants (𝜒2(1)= 6.055, n=153, p=0.014). Mean rank and median for faller participants 
(70.21, MED=5.69, n=96, MEDM±SD=5.36±2.3) were lower than for non-faller 
participants (88.44, MED=6.31, n=57, MEDM±SD=6.38±2.38). 
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Table 3.6 Association between falling experience during last 12 months and being 
worried about falling 
   Worried to fall Total 
   yes no 
F
a
ll
 e
x
p
e
ri
e
n
c
e
 
y
e
s
 
Count 79 17 96 
% within the fall experience 82.3% 17.7%  
% within worried about falling 71.2% 38.6%  
% of Total 51.0% 11.0% 61.9% 
n
o
 
Count 32 27 59 
% within the fall experience 54.2% 45.8%  
% within worried about falling 28.8% 61.4%  
% of Total 20.6% 17.4% 38.1% 
 
3.3.3.1.1 Worried about falling 
Among the total number of 155 respondents, 111 (71.6% of respondents) were worried 
about falling during prosthesis usage (question 87).  
As majority of participants were worried about falling, no statistical association was 
observed between being worried and: 1- frequency of prosthetic use (p=0.184); 2 - 
gender (p=0.926); 3 - age groups (p=0.67); 4 - participants’ country of residence 
(p=0.314); 5 - time since amputation categories (p=0.966); 6 - age-at-amputation groups 
(p=0.328); 6 - amputation cause categories (p=0.366); and 7 - amputation location 
categories (p=0.075). 
There was no significant difference (p=0.66) in age for participants with falling worry 
(M±SD=54.93±12.84) and without it (M±SD=53.98±10.29).  
No significant differences were found between the time since amputation as well as age-
at-amputation among participants with or without being worried about falling (in turn 
p=0.85 and p=0.775). 
However, a significant difference was observed between the PEQ-M score of participants 
with/without worry about falling (𝜒2(1)= 33.19, n=153, p<0.001). The mean rank and 
median for worried participants (63.89, MED=5.38, n=109, M±SD=5.05±2.18) were lower 
than for participants without the worry (109.48, MED=7.58, n=44, M±SD=7.45±1.96). 
 
3.3.3.2 Aided walking 
Forty-one percent of respondents (64 persons) walked unaided and, among 45 of them 
who recorded their aids, the use of a single walking stick was the most frequent aid. The 
six respondents who chose other aids stated that they used aides occasionally: for 
example, when walking long distances or when in crowded areas, when going for a 
countryside walk or just when they felt a need for one. One person mentioned using a 
scooter during shopping and another respondent said they sometimes used a walking 
frame with sitting part. A small association was found between aided walking and gender 
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( 𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 = 155) = 6.12,  p=0.013,  𝑑𝑓∗ = 1,  Phi=-0.199). Only 28.8% female 
participants walked unaided (Table 3.7).  
Table 3.7 Association between unaided walking and gender 
   walking unaided Total 
   No Yes 
G
e
n
d
e
r 
M
a
le
 
Count 49 47 96 
% within gender 51.0% 49.0%  
% within walk unaided 53.8% 73.4%  
% of Total 31.6% 30.3% 61.9% 
F
e
m
a
le
 Count 42 17 59 
% within gender 71.2% 28.8%  
% within walk unaided 46.2% 26.6%  
% of Total 27.1% 11.0% 38.1% 
 
A moderate association was observed between time since amputation categories and 
unaided walking ( 𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](3, 𝑛 = 155) = 8.73,  p=0.033,  𝑑𝑓∗ = 1,  Cramer’s 
V=0.237). Table 3.8 shows that a large proportion of participants in groups who suffered 
amputation less than 21 years earlier used aids to walk, while around 60% of participants 
with more than 20 years’ experience walked unaided. 
Table 3.8 Association between unaided walking and time since amputation 
categories 
   Time since amputation 
Total 
   ≤ 5 6-10 11-20 ≥21 
U
n
a
id
e
d
 w
a
lk
in
g
 
N
o
 
Count 41 17 11 22 91 
% within unaided-walking 45.1% 18.7% 12.1% 24.2%  
% within the time 66.1% 68.0% 68.8% 42.3%  
% of Total 26.5% 11.0% 7.1% 14.2% 58.7% 
Y
e
s
 
Count 21 8 5 30 64 
% within unaided-walking 32.8% 12.5% 7.8% 46.9%  
% within the time 33.9% 32.0% 31.3% 57.7%  
% of Total 13.5% 5.2% 3.2% 19.4% 41.3% 
 
A small association was found between aided walking and age-at-amputation groups 
(𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](3, 𝑛 = 155) = 9.67, p=0.022, 𝑑𝑓∗ = 1, Cramer’s V=0.25). Table 3.9 shows 
around 60% of participants who suffered amputation before 20 years of age, walked 
unaided, while the majority of participants who suffered amputation after 39 years of age 
used aids to walk. 
Table 3.9 Association between unaided walking and age-at-amputation groups 
   Age-at-amputation groups 
Total 
   ≤19 20-39 40-59 ≥60 
U
n
a
id
e
d
 w
a
lk
in
g
 
N
o
 
Count 14 20 41 16 91 
% within unaided-walking 15.4% 22.0% 45.1% 17.6%  
% within the age group 41.2% 51.3% 67.2% 76.2%  
% of Total 9.0% 12.9% 26.5% 10.3% 58.7% 
Y
e
s
 
Count 20 19 20 5 64 
% within unaided-walking 31.3% 29.7% 31.3% 7.8%  
% within the age group 58.8% 48.7% 32.8% 23.8%  
% of Total 12.9% 12.3% 12.9% 3.2% 41.3% 
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No association was found between aided walking and: 1 - age groups (p=0.24); 2 - 
frequency of prosthetic use (p=0.19); 3 - amputation cause categories p=0.054); and 4 - 
amputation location categories (p=0.12). 
There was a significant difference (t(153)=2.024, p=0.045, two-tailed) in age for 
participants walking without aids (M±SD=52.33±11.92 years) and with them 
(M±SD=56.3±12.09 years). The magnitude of the differences in the means (mean 
difference=3.97, 95% CI: 0.094-7.84) was very small (η2=0.026). 
A significant difference was found between the time since amputation and unaided/aided 
walking (𝜒2(1)= 4.84, n=155, MED=8, p=0.028). Mean rank and median of the time since 
amputation were higher for participants without using aids (87.45, MED=16.37, n=64) in 
comparison with the time since amputation of aided-walking participants (71.36, MED=7, 
n=91). 
The difference between age-at-amputation of participants with/without the walking aides 
was significant ( 𝜒2 (1)= 8.31, n=155, p=0.004). Mean rank and median of age-at-
amputation were higher for participants using aids (86.71, MED=47, n=91) in comparison 
with the amputation age of participant without walking aids (65.61, MED=25, n=64). 
A moderate association existed between aided walking and worries about falling 
(𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 = 155) = 25.05, p<0.001, 𝑑𝑓∗ = 1, Phi=0.402). Eighty-seven percent 
of participants who had worries about falling walked with aids, while 72.7% of non-
worried participants walked without aids. However, half of the participants in each group 
of worried and not-worried about falling did not use aids (Table 3.10).  
Table 3.10 Association between aided walking and being worried about falling 
   walking unaided Total 
   No Yes 
W
o
rr
ie
d
 t
o
 f
a
ll 
Y
e
s
 
Count 79 32 111 
% within worried about falling 71.2% 28.8%  
% within walk unaided 86.8% 50.0%  
% of Total 51.0% 20.6% 71.6% 
N
o
 
Count 12 32 44 
% within worried about falling 27.3% 72.7%  
% within walk unaided 13.2% 50.0%  
% of Total 7.7% 20.6% 28.4% 
 
A small association was observed between experience of falling and aided walking 
( 𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 = 155) = 4.97,  p=0.026, 𝑑𝑓∗ = 1,  Phi=0.179). Table 3.11 shows a 
greater percentage of aided participants (69.2% of them) had falling experience. 
However, around half of the participants without using aids took place in each group of 
falling experience.  
A significant difference was found between the PEQ-M score of aided/unaided 
participants (𝜒2 (1)= 24.64, n=153, p<0.001). The mean rank and median for aided 
participants (61.92, n=89, MED=5.15, M±SD=4.92±2.24) were lower than for unaided 
participants (mean rank=97.97, n=64, MED=7.38, M±SD=6.85±2.11). 
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Table 3.11 Association between aided walking and falling experience 
   walking unaided Total 
   No Yes 
F
a
lli
n
g
 e
x
p
e
ri
e
n
c
e
 
Y
e
s
 
Count 63 33 96 
% within falling experience 65.6% 34.4%  
% within walk unaided 69.2% 51.6%  
% of Total 40.6% 21.3% 61.9% 
N
o
 
Count 28 31 59 
% within falling experience 47.5% 52.5%  
% within walk unaided 30.8% 48.4%  
% of Total 18.1% 20.0% 38.1% 
 
3.3.3.3 Activities-specific Balance Confidence (ABC) scale 
The self-reported ABC scale questionnaire (Powell and Myers, 1995) was used to 
evaluate balance confidence among the respondents and their functionality. This 
questionnaire consisted of 16 rating questions about various daily activities. Figure 3.12 
presents the responses to the questions about the level of balance confidence 
participants felt while performing several specific activities. Respondents were asked to 
score their balance confidence from 0 to 10, where 0 indicated no confidence and 10 
complete confidence. In this diagram, the darkest colour is for a score of 0 and the 
lightest colour represents a score of 10. There was also an option for choosing “I never 
do this” if the respondent never performed the activity. This option has been displayed 
by the darkest colour with the dotted pattern, on the left in Figure 3.12. The lowest scores 
were in response to questions about confidence during standing on a chair to reach an 
object, stepping onto/off an escalator without holding the handrail, and walking on an icy 
pavement. For some activities, a greater number of participants chose “I do not do this” 
(in turn 55, 52 and 53 persons). Fifty-eight people gave a score of 10 for balance 
confidence when reaching for objects at eye-level.  
Figure 3.13 shows the percentage of responses to the same questions (Figure 3.12) in 
the form of weaker scores (0-4), neutral score (5), higher scores (6-10) and a dashed 
pattern for those who never do the activity. More than 60% of participants had high 
balance confidence to bend and pick up an object from the floor, reaching an object at 
eye-level, reaching an object at above-head height, sweeping the floor, walking outside, 
getting into/out of the car and walking across car-parking spaces. 
More than 30% of respondents chose lower balance confidence scores for walking 
up/down stairs, walking up/down a ramp, walking in a crowd, being bumping into by 
people (walking in town), stepping onto/off an escalator without holding the handrail, and 
walking on an icy pavement. The overall level of confidence was 54.3% for higher scores 
(6-10), 26.4% for lower scores (1-4), 8.3% for the moderate score (5), and 10.9% for 
never having done some of these activities.  
To obtain an ABC score, the sum of scores for each respondent was divided by the 
number of questions posed (16). A score of >80, scores of 50-80 and scores of <50, in 
turn, indicate high level, moderate level and low level of functioning (Powell and Myers, 
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1995). In addition, a score of <67 suggests a considerable risk of future falling (Lajoie 
and Gallagher, 2004). The average total score was 55.24 (±25.88, MED=58.75, N=155, 
Min-Max=0-100). The initial evaluation of the ABC score shows that among 155 
respondents, 34 respondents (21.9% of participants) had a high level of functioning, 61 
respondents (39.4% of participants) had a moderate level of functioning, and 60 
respondents (38.7% of participants) had a low level of functioning. In addition, 96 
respondents (61.9% of participants) had a score of <67 and, so, were at risk of future 
falling. 
Relation between ABC score and general variables 
No difference was found between the score of: 1 - genders (p=0.23); 2 - age groups 
(p=0.42); 3 - time since amputation categories (p=0.404); 4 - age-at-amputation groups 
(p=0.46); 5 - amputation cause groups (p=0.092); and 6 - amputation location (p=0.27).  
There was no significant relationship between the ABC score - age (p=0.624); the score 
- time since amputation (p=0.1); and the score - age-at-amputation (p=0.217). 
No association was seen between the ABC categories and: 1- gender (p=0.276); 2 - age 
groups (p=0.542); 3 - time since amputation categories (p=0.536); 4 - age-at-amputation 
groups (p=0.45); and 5 - amputation location (p=0.333). 
A moderate association was seen between participants' cause of amputation and the 
ABC score’s categories (𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](14, 𝑛 = 155) = 24.81 p=0.037, 𝑑𝑓∗ = 2, 
Cramer’s V=0.261). Only 50% and 33.3% of participants with amputation due to cancer 
and other causes respectively chose high level of functioning and no participants with 
amputation due to peripheral arterial disease were placed in this category. Fifty percent 
of participants with diabetes and severe infection as causes of their amputation and 
around 42% of participants with amputation due to peripheral arterial diseases and 
serious trauma/injuries were placed in the moderate functioning category. Around 62.5% 
of amputees with congenital conditions, 58% with peripheral arterial diseases, 54.5% 
with limited function/severe pain, 45.5% with severe infection, 44.4% with other causes, 
and 40% with diabetes as a cause of amputation were placed in the low functioning 
category. Participants with amputation due to cancer and serious trauma/injuries had the 
lowest rate of functioning (respectively, 20% and 30%).  
A moderate association was found between cause of amputation and being at risk of 
falling (𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](7, 𝑛 = 155) = 19.15 p=0.008, 𝑑𝑓∗ = 1, Cramer’s V=0.337). 
Around 56% and 50% respectively of participants with amputation due to other causes 
and cancer/serious trauma/injuries were not at risk of falling. In other causes of 
amputation, 70% and 92% of participants (respectively, amputees with diabetes and 
peripheral arterial disease amputation cases) at risk of falling (ABC score <67). 
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Figure 3.12 Activities-specific balance confidence scale questions   
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Figure 3.13 Percentage of lower scores (0-4), neutral (5) and higher scores (6-10) for the questions related to the specific activities confidence  
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No significant differences were found between time since amputation and age-at-
amputation across the ABC score’s categories (respectively, p=0.22 and p=0.21). 
There was no significant difference (p=0.816) in age of participants at risk of falling 
(M±SD=54.48±11.78) and not at risk (M±SD=54.95±12.805).  
No association was observed between being at risk of falling and: 1 - gender (p=0.129); 
2 - age groups (p=0.603); 3 - participants’ country of residence (p=0.104); 4 - time since 
amputation categories (p=0.236); 5 - age-at-amputation groups (p=0.4); and 6 - 
amputation location (p=0.101).  
A significant difference was seen between the time since amputation of participants at 
risk of falling (mean rank=72.26, M±SD=13.24±15.27, n=96, MED=7) and those with ABC 
score >67 (mean rank=87.34, M±SD=17.78±16.09, n=59, MED=14) (𝜒2(1)= 4.14, n=155, 
MED=8, p=0.042). It seems participants with a shorter time since amputation are at higher 
risk of falling.  
But, the difference between age-at-amputation of participants at risk of falling and others 
was not significant (𝜒2(1)= 1.53, n=155, MED=41, p=0.216). 
 
ABC score and frequency of prosthesis use 
A significant difference was found between the ABC score of participants with different 
frequencies of prosthetic use (𝜒2(7)= 16.64, n=155, p=0.02). Mean rank and median were 
highest for every day most/all day (85.37, MED=63.13, n=118). The lowest mean rank 
and median was for 1-2 days a week (12.5, MED=11.875, n=2). The adjusted significance 
level for the pairwise tests was not <0.05 for any pairs of prosthetic use frequencies. 
A moderate association was observed between ABC score categories and frequency of 
prosthesis use (𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](14, 𝑛 = 155) = 24.174, p=0.044, 𝑑𝑓∗ = 2, Cramer’s 
V=0.246) but no association was found between the prosthesis use frequency of 
participants at risk of falling and others ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](7, 𝑛 = 155) = 12.9, 
p=0.075, 𝑑𝑓∗ = 1, Cramer’s V=0.253). 
The rate of participants who used their prosthesis every day/most part of the day was 
high in all ABC score categories, but its proportion decreased from 97% of participants in 
the higher level of functioning to 66.7% of participants in the low level of functioning 
category. Only participants who used their prostheses all the time (every day whole of 
the day or some part of the day) were in the high level of functioning category. All 
respondents who used their prostheses 3 -4 days and 1 -2 days a week were at risk of 
falling and in the low level of functioning.  
ABC score and bodily sensations 
A significant difference was observed between the scores of participants with or without 
intact limb pain (𝜒2(1)= 7.3, n=136, p=0.007). The mean rank and median were higher 
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for participants without intact limb pain (83.43, MED=72.5, n=37) and lower for 
participants with the pain (62.92, MED=53.13, n=99).  
No significant association was seen between ABC score categories and the presence of 
intact limb pain (p=0.125). However, the ABC categories were not statistically different; 
the percentage of participants with intact limb pain in high level functioning was less than 
the percentage in the low-level functioning category (67% versus 83%). 
A small association existed between having intact limb pain and being at risk of falling 
(𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 = 136) = 6.43, p=0.011, 𝑑𝑓∗ = 1, Phi=-0.217). More than 80% of the 
participants at risk of falling had intact limb pain, while the rate was 61% for participants 
with a lower risk of falling (Table 3.12). 
Table 3.12 Association between ABC scale categories and presence of intact limb 
pain 
 Intact limb pain 
Total No Yes 
A
B
C
 C
a
te
g
o
ri
e
s
 
High level of functioning 
 (scores >80) 
Count 11 22 33 
% within ABC category  33.3% 66.7%  
% within intact limb pain 29.7% 22.2%  
% of total 8.1% 16.2% 24.3% 
Moderate level of functioning 
 (scores 50-80) 
Count 18 37 55 
% within ABC category  32.7% 67.3%  
% within intact limb pain 48.6% 37.4%  
% of total 13.2% 27.2% 40.4% 
Low level of functioning 
 (scores ≤50)* 
Count 8 40 48 
% within ABC category  16.7% 83.3%  
% within intact limb pain 21.6% 40.4%  
% of total 5.9% 29.4% 35.3% 
At risk of falling ** 
(scores <67)* 
Count 15 64 79 
% within ABC category  19.0% 81.0%  
% within intact limb pain 40.5% 64.6%  
% of total 11.0% 47.1% 58.1% 
Lower risk of falling** 
(score>67) 
Count 22 35 57 
% within ABC category  38.6% 61.4%  
% within intact limb pain 59.5% 35.4%  
% of total 16.2% 25.7% 41.9% 
 
No significant difference was found (p=0.6) between the distribution of the score among 
participants with phantom limb sensation (mean rank=77.06, MED=57.19, n=124) and 
without it (mean rank=81.74, MED=60, n=31). No association was seen between the ABC 
score category – the presence of phantom limb (p=0.99), nor between being at risk of 
falling and the presence of phantom limb p=0.186). 
A significant difference existed between the distribution of the ABC score among 
participants with phantom pain and without it (𝜒2(1)= 11.12, n=155, p=0.001). The mean 
rank and median were higher for participants without phantom pain (95.68, MED=67.5, 
n=49) and lower for participants with the pain (69.83, MED=51.88, n=106). 
A small association was found between the ABC score categories and the presence of 
phantom pain (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](2, 𝑛 = 155) = 6.54,  p=0.038, 𝑑𝑓∗ = 1,  Cramer’s V=0.205) 
and between having phantom pain and being at risk of falling (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 = 155) =
5.1, p=0.024, 𝑑𝑓∗ = 1, Phi=-0.181). All the categories of ABC score had a higher rate of 
participants with phantom pain, and the rate decreased from 78.3% in the low level of 
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functioning to 52.9% of participants in the high level of functioning. Three-quarters of 
participants at risk of falling had phantom pain, while the rate was less than three-fifth for 
participants with a lower risk of falling (A significant difference existed between the 
distribution of the ABC score among participants with stump pain and without it 
(𝜒2(1)=5.86, n=153, p=0.015). The mean rank and median were higher for participants 
without stump pain (92.64, MED=68.44, n=36) and lower for participants with the pain 
(72.19, MED=52, n=117).  
Table 3.13). 
A significant difference existed between the distribution of the ABC score among 
participants with stump pain and without it (𝜒2(1)=5.86, n=153, p=0.015). The mean rank 
and median were higher for participants without stump pain (92.64, MED=68.44, n=36) 
and lower for participants with the pain (72.19, MED=52, n=117).  
Table 3.13 Association between ABC score’s categories and presence of phantom 
pain 
 Phantom pain 
Total No Yes 
A
B
C
 C
a
te
g
o
ri
e
s
 
High level of functioning* 
 (scores >80) 
Count 16 18 34 
% within ABC category  47.1% 52.9%  
% within phantom pain 32.7% 17.0%  
% of total 10.3% 11.6% 21.9% 
Moderate level of functioning 
 (scores 50-80) 
Count 20 41 61 
% within ABC category  32.8% 67.2%  
% within phantom pain 40.8% 38.7%  
% of total 12.9% 26.5% 39.4% 
Low level of functioning 
 (scores ≤50)* 
Count 13 47 60 
% within ABC category  21.7% 78.3%  
% within phantom pain 26.5% 44.3%  
% of total 8.4% 30.3% 38.7% 
At risk of falling ** 
(scores <67) 
Count 24 72 96 
% within ABC category  25.0% 75.0%  
% within phantom pain 49.0% 67.9%  
% of total 15.5% 46.5% 61.9% 
Lower risk of falling (score>67) Count 25 34 59 
% within ABC category  42.4% 57.6%  
% within phantom pain 51.0% 32.1%  
% of total 16.1% 21.9% 38.1% 
* p=0.038, **p=0.024 
 
No significant association was observed between the ABC score categories and the 
presence of stump pain (p=0.064). However, a small association was seen between 
having stump pain and being at risk of falling (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 = 153) = 4.422, p=0.035, 
𝑑𝑓∗ = 1, Phi=-0.17). Eighty-two percent of participants with stump pain were at risk of 
falling, while 67% of them were at lower risk of falling (ABC score and QOL score, score 
of being satisfied with the prosthesis/ being frustrated with prosthesis  
There was a strong significant positive relationship between the QOL score and ABC 
score (rho=0.64, n=53, p<0.001, two-tailed). A strong positive relationship was found 
between being satisfied with the prosthesis and the ABC score (rho=0.64, n=153, 
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p<0.001, two-tailed). The positive relationship the above-compared pairs means that the 
high level of each score is associated with the high level of the corresponding one. 
Table 3.14).  
ABC score and QOL score, score of being satisfied with the prosthesis/ 
being frustrated with prosthesis  
There was a strong significant positive relationship between the QOL score and ABC 
score (rho=0.64, n=53, p<0.001, two-tailed). A strong positive relationship was found 
between being satisfied with the prosthesis and the ABC score (rho=0.64, n=153, 
p<0.001, two-tailed). The positive relationship the above-compared pairs means that the 
high level of each score is associated with the high level of the corresponding one. 
Table 3.14 Association between ABC score’s categories and presence of stump-
pain 
 Stump pain 
Total No Yes 
A
B
C
 C
a
te
g
o
ri
e
s
 
High level of functioning 
 (scores >80) 
Count 9 24 33 
% within ABC category  27.3% 72.7%  
% within stump pain 25.0% 20.5%  
% of total 5.9% 15.7% 21.6% 
Moderate level of functioning 
 (scores 50-80) 
Count 19 42 61 
% within ABC category  31.1% 68.9%  
% within stump pain 52.8% 35.9%  
% of total 12.4% 27.5% 39.9% 
Low level of functioning 
 (scores ≤50) 
Count 8 51 59 
% within ABC category  13.6% 86.4%  
% within stump pain 22.2% 43.6%  
% of total 5.2% 33.3% 38.6% 
At risk of falling  
(scores <67) 
Count 17 78 95 
% within ABC category  17.9% 82.1%  
% within stump pain 47.2% 66.7%  
% of total 11.1% 51.0% 62.1% 
Lower risk of falling (score>67) Count 19 39 58 
% within ABC category  32.8% 67.2%  
% within stump pain 52.8% 33.3%  
% of total 12.4% 25.5% 37.9% 
 
A moderate negative relationship was observed between the level of being frustrated with 
the prosthesis and the ABC score (rho=-0.44, n=153, p<0.001, two-tailed), which means 
the lower level of frustration was associated with a higher ABC score and higher level of 
functioning. 
 
ABC score and PEQ-M score  
There was a strong, significant positive relationship between the ABC score and PEQ-M 
score (rho=0.831, n=155, p<0.001, two-tailed), with high levels of each score associated 
with high levels of the corresponding one.  
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A significant difference existed between the PEQ-M score of the ABC categories (𝜒2(2)= 
89.012, n=153, p<0.001). The mean rank and median were highest for the high level of 
functioning category (124.68, MED=8.08, n=34). The lowest mean rank and median were 
for the low level of functioning category (28.75, MED=3.62, n=59). The difference 
between the PEQ-M score of all categories of the ABC scores was statistically significant 
at p<0.001: low level of functioning and moderate level of functioning (mean rank=88.33, 
MED=6.46, n=60), low level of functioning and high level of functioning, high level of 
functioning and moderate level of functioning. 
A significant difference was found between the distribution of the PEQ-M score of 
participants at risk of falling (mean rank=55.42, M±SD=4.61±2.03, n=95, MED=4.85) and 
those with ABC score >67 (mean rank=112.35, M±SD=7.6±1.62, n=58, MED=7.54) 
(𝜒2(1)= 59.476, n=153, MED=5.92, p<0.001The lower levels of the PEQ-M score were at 
risk of falling.  
 
ABC score and the total score of prosthesis evaluation  
There was a strong significant positive relationship between the ABC score and total 
score of prosthesis evaluation (rho=0.704, n=154, p<0.001, two-tailed), with high levels 
of each score associated with high levels of the corresponding score. 
The distribution of the prosthesis evaluation total score across the ABC score categories 
was significantly different (𝜒2(2)= 66.55, n=154, p<0.001). The mean rank and median 
were highest for the high level of functioning category (115.4, MED=7.275, n=34). The 
lowest mean rank and median were for the low level of functioning category (42.25, 
MED=3.74, n=59). The difference between prosthesis evaluation total score of all 
categories of ABC score was statistically significant: low level of functioning and moderate 
level of functioning (mean rank=90.47, MED=6.44, n=61) (p<0.001), low level of 
functioning and high level of functioning (p<0.001), high level of functioning and moderate 
level of functioning (p=0.027). 
A significant difference was seen between the distribution of prosthesis evaluation total 
score among participants at risk of falling (mean rank=60.59, MED=4.8, M±SD=4.7±2.03, 
n=95) and those with ABC score>67 (mean rank=104.72, MED=6.8, M±SD=6.86±1.7, 
n=59) (𝜒2(1)= 35.627, n=154, MED=5.9, p<0.001). Lower levels of prosthesis evaluation 
total score were associated with ABC scores less than 67.  
 
ABC score and falling experience  
A significant difference was observed between the distribution of the ABC score among 
participants with experience of falling during last 12 months (mean rank=69.05, 
M±SD=50.33±24.8, n=96, MED=51.25) and non-fallers (mean rank=92.56, 
M±SD=63.23±25.81, n=59, MED=67.5) (𝜒2(1)= 10.023, n=155, MED=58.75, p=0.002). 
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Lower levels of ABC score were associated with falling experience. Mean and median of 
the score for the faller group was in the lower margin of a moderate level of functioning. 
A moderate association was found between experience of falling- ABC score (p=0.008) 
and between fall experience-being at risk of falling according to ABC score 
( 𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 = 155) = 8.47,  p=0.004, 𝑑𝑓∗ = 1,  Phi=0.234). Table 3.15 
demonstrates the percentage of faller participants grows with lowering level of functioning 
from 47.1% of high level functioning to 76.7% in the low level of functioning. In addition, 
around 71% of fallers are at risk of future falling while the rate is 47.5% for non-fallers. 
Table 3.15 Association between ABC score’s categories and fall experiences 
during last 12 months 
 
Falling experiences when 
using prosthesis 
Total Yes No 
A
B
C
 C
a
te
g
o
ri
e
s
 
High level of functioning 
 (scores >80) 
Count 16 18 34 
% within ABC category  47.1% 52.9%  
% within fall experience 16.7% 30.5%  
% of total 10.3% 11.6% 21.9% 
Moderate level of functioning 
 (scores 50-80) 
Count 34 27 61 
% within ABC category  55.7% 44.3%  
% within fall experience 35.4% 45.8%  
% of total 21.9% 17.4% 39.4% 
Low level of functioning 
 (scores ≤50)* 
Count 46 14 60 
% within ABC category  76.7% 23.3%  
% within fall experience 47.9% 23.7%  
% of total 29.7% 9.0% 38.7% 
At risk of falling  
(scores <67)** 
Count 68 28 96 
% within ABC category  70.8% 29.2%  
% within fall experience 70.8% 47.5%  
% of total 43.9% 18.1% 61.9% 
Lower risk of falling (score>67) Count 28 31 59 
% within ABC category  47.5% 52.5%  
% within fall experience 29.2% 52.5%  
% of total 18.1% 20.0% 38.1% 
* p=0.008, **p=0.004 
 
ABC score and being worried about falling 
A significant difference was observed between the distribution of the ABC score among 
participants with worries about falling (mean rank=53.51, MED=48.75, 
M±SD=47.26±23.6, n=111) and without it (mean rank=114.56, MED=82.19, 
M±SD=75.37±19.85, n=44) (𝜒2(1)= 40.76, n=155, MED=58.75, p<0.001). Lower levels 
of ABC score were associated with worries about falling. 
A significant difference was seen between the distribution of the score across different 
levels of being worried about falling (𝜒2(2)= 37.086, n=110, p<0.001). Mean rank and 
median were highest for scores 6-10 means less worried participants (76.4, MED=63.75, 
n=40). The lowest mean rank and median were for scores 0-4, which means participants 
were more worried (37.5, MED=30.31, n=56). The ABC score was statistically different 
between these pairs of categories: very worried (scores 0-4) and less worried (p<0.001), 
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neutral (mean rank= 67.79, MED=53.75, n=14) and very worried (p=0.004). There was 
no significant difference between the neutral and less worried categories.  
A strong association existed between being worried about falling and the ABC score 
categories (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](2, 𝑛 = 155) = 43.85, p<0.001, 𝑑𝑓∗ = 1, Cramer’s V=0.532). A 
moderate association was seen between being worried about falling and being at risk of 
falling, according to the ABC score (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 = 155) = 35.55, p<0.001, 𝑑𝑓∗ = 1, 
Phi=0.48). A moderate association was observed between the worry levels and being at 
risk of falling according to the ABC score (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](2, 𝑛 = 110) = 10.57, p=0.005, 
𝑑𝑓∗ = 1, Cramer’s V=0.31). 
Table 3.16 also shows the number of worried participants grew with lowering the level of 
functioning. In addition, worried participants (88.5%) are at significantly higher risk of 
falling, according to their ABC scores. 
Table 3.16 Association between ABC score’s categories and being worried about 
falling 
 
Worried about falling when 
using a prosthesis 
Total Yes No 
A
B
C
 C
a
te
g
o
ri
e
s
 
High level of functioning 
 (scores >80) 
Count 10 24 34 
% within ABC category  29.4% 70.6%  
% within worries about falling 9.0% 54.5%  
% of total 6.5% 15.5% 21.9% 
Moderate level of functioning 
 (scores 50-80) 
Count 45 16 61 
% within ABC category  73.8% 26.2%  
% within worries about falling 40.5% 36.4%  
% of total 29.0% 10.3% 39.4% 
Low level of functioning 
 (scores ≤50)* 
Count 56 4 60 
% within ABC category  93.3% 6.7%  
% within worries about falling 50.5% 9.1%  
% of total 36.1% 2.6% 38.7% 
At risk of falling  
(scores <67) 
Count 85 11 96 
% within ABC category  88.5% 11.5%  
% within worries about falling 76.6% 25.0%  
% of total 54.8% 7.1% 61.9% 
Lower risk of falling (score>67) Count 26 33 59 
% within ABC category  44.1% 55.9%  
% within worries about falling 23.4% 75.0%  
% of total 16.8% 21.3% 38.1% 
 
The percentage of very worried participants grows with lowering level of functioning. In 
addition, very worried participants (89.3%) significantly are at higher risk of falling 
according to their ABC scores. 
 
ABC score and unaided walking 
The Kruskal-Wallis test indicated a significant difference between the distribution of the 
ABC score among participants walking with an aid (mean rank=58.85, 
M±SD=44.4±23.95, n=91, MED=42.5) and without one (mean rank=105.23, 
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M±SD=70.66±20.15, n=64, MED=75.31) (𝜒2(1)= 40.11, n=155, MED=58.75, p<0.001). 
Lower levels of ABC score were associated with aided walking. 
The Chi-square test indicated a strong association between unaided/aided walking and 
ABC score categories ( 𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](2, 𝑛 = 155) = 38.7,  p<0.001, 𝑑𝑓∗ = 1,  Cramer’s 
V=0.5).The same test showed a moderate association between unaided/aided walking 
and being at risk of falling, according to the ABC score (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 = 155) = 31.25, 
p<0.001, 𝑑𝑓∗ = 1, Phi=0.449). Weaker levels of functioning were associated with a higher 
percentage of participants using walking aids: 17.6%, 57% and 83% of participants who 
used aids to walk chose the high, moderate and low levels of functioning respectively, 
according to the ABC scores. Around 76% of participants at risk of falling were aided 
walkers (Table 3.17). 
Table 3.17 Association between ABC score’s categories and unaided walking  
 Unaided walking 
Total No Yes 
A
B
C
 C
a
te
g
o
ri
e
s
 
High level of functioning 
 (scores >80) 
Count 6 28 34 
% within ABC category  17.6% 82.4%  
% within unaided walking 6.6% 43.8%  
% of total 3.9% 18.1% 21.9% 
Moderate level of functioning 
 (scores 50-80) 
Count 35 26 61 
% within ABC category  57.4% 42.6%  
% within unaided walking 38.5% 40.6%  
% of total 22.6% 16.8% 39.4% 
Low level of functioning 
 (scores ≤50) 
Count 50 10 60 
% within ABC category  83.3% 16.7%  
% within unaided walking 54.9% 15.6%  
% of total 32.3% 6.5% 38.7% 
At risk of falling  
(scores <67) 
Count 73 23 96 
% within ABC category  76.0% 24.0%  
% within unaided walking 80.2% 35.9%  
% of total 47.1% 14.8% 61.9% 
Lower risk of falling (score>67) Count 18 41 59 
% within ABC category  30.5% 69.5%  
% within unaided walking 19.8% 64.1%  
% of total 11.6% 26.5% 38.1% 
 
ABC score, balance and LBP  
A small association was observed between the ABC score categories - LBP 
(𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](2, 𝑛 = 155) = 10.823, p=0.004, 𝑑𝑓∗ = 1, Cramer’s V=0.264) and between 
having LBP and being at risk of falling (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 = 155) = 8.4, p=0.004, 𝑑𝑓∗ = 1, 
Phi=0.233). The number of participants with LBP was highest in the low level of 
functioning category and decreased from 88% to 59% in the high level of functioning. 
Only 17% of participants without LBP were at risk of falling. However, 63% of participants 
with LBP were in the lower risk of falling (Table 3.18).  
There was no association between LBP and being worried about falling (p=0.08). A small 
association existed between having LBP and having a falling experience 
(𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 = 155) = 13.45, p<0.001, 𝑑𝑓∗ = 1, Phi=-0.295). Eighty-five percent of 
faller participants and 59% of non-fallers had LBP. A higher proportion of the LBP group 
were fallers (70%), and 63% of participants without LBP were non-fallers. 
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Table 3.18 Association between ABC score’s categories and LBP  
 Lower back pain 
Total yes no 
A
B
C
 C
a
te
g
o
ri
e
s
 
High level of functioning 
 (scores >80)* 
Count 20 14 34 
% within ABC category  58.8% 41.2%  
% within LBP presence 17.1% 36.8%  
% of total 12.9% 9.0% 21.9% 
Moderate level of functioning 
 (scores 50-80) 
Count 44 17 61 
% within ABC category  72.1% 27.9%  
% within LBP presence 37.6% 44.7%  
% of total 28.4% 11.0% 39.4% 
Low level of functioning 
 (scores ≤50) 
Count 53 7 60 
% within ABC category  88.3% 11.7%  
% within LBP presence 45.3% 18.4%  
% of total 34.2% 4.5% 38.7% 
At risk of falling  
(scores <67) 
Count 80 16 96 
% within ABC category  83.3% 16.7%  
% within LBP presence 68.4% 42.1%  
% of total 51.6% 10.3% 61.9% 
Lower risk of falling (score>67) Count 37 22 59 
% within ABC category  62.7% 37.3%  
% within LBP presence 31.6% 57.9%  
% of total 23.9% 14.2% 38.1% 
 
A small association was seen between LBP and using an aid to walk (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 =
155) = 4.055, p=0.044, 𝑑𝑓∗ = 1, Phi=-0.162). Eighty-one percent of participants with LBP 
used an aid to walk (63%) while 55% of the group without LBP were unaided.  
A significant difference was observed between the distribution of the ABC score among 
participants with lower back pain and without it (𝜒2(1)= 10.677, n=155, p=0.001). The 
mean rank and median were higher for participants without pain (98.67, MED=71.25, 
n=38) and lower for participants with pain (71.29, MED=51.88, n=117).  
 
3.4 Discussion 
This study was conducted to have an up to date understanding of the problems of LLAs 
which might be managed by orthotic interventions. It has explored the problems and the 
relationships between them via an online published survey. It is important to note that in 
this study, all of the scoring items related to aspects of prosthesis use have been derived 
from the PEQ questionnaire responses which had mean or median values of around 5, 
and that most responses were less than 7 out of 10 (score of total bodily sensation = 
5.06±3.88, including amputated-side = 4.97±2.46, intact limb = 5.1±2.62; score of 
prosthetic quality and effects = 5.94±2.1, MED = 6.29; score of PEQ-M = 5.74±2.38, MED 
= 5.92; score of emotional aspects = 4.9±3.11, MED = 4.67; score of satisfaction = 
5.88±2.78, MED = 6.5; total score = 5.52±2.18, MED = 5.9). These values, on average, 
are near to the neutral score (5) and in the lower border of better scores (6-10). This 
indicates the need to improve these aspects during rehabilitation procedures and in the 
health care of LLAs.  
76 
 
The overarching purpose of participating in surveys is to share opinions/experiences 
(Brüggen et al., 2011) and to help prevent/solve problems for others (Soule et al., 2016). 
The majority of respondents (67.7%) in this survey expressed a wish to receive further 
information on the results. This may suggest that the participants were from that group of 
amputees who needed to talk about their problems and/or did not have good feelings 
related to their prosthesis/amputation/ daily activities and they supposed their 
participation would be beneficial in improving any current deficiencies in the future. This 
may, in turn, have biased the results towards negative responses. It should be noted that 
the sample size is low compared to the number of questions asked and the analysis 
undertaken, and this may will reduce the power of the statistical analysis. However, the 
results are indicative of issues being faced by, and are important to, lower limb amputees 
and, ideally, all will be followed up in more detail.  
Within the constraints of this research, the focus was chosen to be on balance, lower 
back pain and the mobility of LLAs during daily activities. The ABC questionnaire is an 
activity-based scale which covers the mobility/functionality of the amputees. In addition, 
mobility will be discussed as part of the PEQ. In Table 3.19, the meaningful relationships 
between the ABC scale and PEQ-M are presented. The variables listed in the first column 
are significant as they play an important role in participants’ mobility/stability.  
Table 3.19 Important relation of the scores and several aspects of the prosthetic 
use, number of participants in each categories has been mentioned in parenthesis  
  ABC score (best 100) Mobility score (best 10) 
  Mean (n) median Mean (n) median 
Phantom 
pain 
Yes  50.42 1(106) 51.88 5.24 5 (104) 5.54 
No 65.661 (49) 67.5 6.8 5 (49) 7.23 
Stump pain 
Yes 52.5 2 (117) 52.5 5.38 1 (115) 5.69 
No 64.12 2 (36) 68.44 6.861 (36) 7.38 
Intact limb 
pain 
Yes 53.26 3 (99) 53.13 5.49 5 (97) 5.69 
No 67.01 3 (37) 72.5 7.07 5 (37) 7.38 
Falling 
experience 
Yes 50.33 4 (96) 51.25 5.36 8 (96) 5.69 
No 63.23 (59) 67.5 6.38 8 (57) 6.31 
Walking aid 
Yes 44.4 5 (91) 42.5 4.94 5 (89) 5.15 
No 70.66 5 (64) 75.31 6.45 5 (64) 7.38 
Worried 
about falling 
Yes 47.26 5 (111) 48.75 5.61 5 (110) 6 
No 75.37 5 (44) 82.19 7.61 5 (44) 8 
LBP 
Yes 51.51 1 (117) 51.88 5.37 1 (115) 5.62 
No 66.73 1 (38) 71.25 6.86 1 (38) 7.34 
Risk of falling 
High 39.16 5 (96) 40.63 4.6 5 (95) 4.85 
lower 81.4 6 (59) 81.88 7.6 5 (58) 7.54 
Total Average 55.24 ±25.88  58.75 5.74 ±2.38  5.92 
Significant differences (scores with bold font and superscript number in each 
cell): 1 p=0.001, 2 p=0.015, 3 p=0.007, 4 p=0.002, 5 p<0.001, 6 p=0.005, 7p=0.014  
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3.4.1.1 Mobility 
The score of 13 questions related to the “ability to move around while using prosthesis” 
called PEQ-M is considered a criterion for the assessment of prosthesis users’ mobility 
in daily life. The average of the mobility score was low (5.74 out of 10) but comparable to 
(Harness and Pinzur, 2001; Trantowski-Farrell and Pinzur, 2003) studies on dysvascular 
TT amputees (respectively 55.3 and 65.9 out of 100), and (Hafner et al., 2017), with a 
score 2.4 out of 4, which is equivalent to 6 out of 10. As can be seen in Table 3.19, the 
PEQ-M of participants with phantom pain, stump pain, intact limb pain, LBP, falling 
experience, using a walking aid, worried about falling, and at risk of falling was lower than 
those without these problems. The score had a positive relationship with the score of 
other sections of the PEQ questionnaire and, specifically, the self-determined QOL. This 
can be an indication of the importance of all aspects of prosthesis use (such as bodily 
sensation, emotional views, satisfaction, etc.) in the mobility of LLAs, in addition to the 
inter-relationship between mobility and QOL. Similarly, it has been reported in previous 
studies that LLAs who had a lower score of PEQ-M, also had lower scores for QOL 
(Asano et al., 2008), and that QOL and satisfaction had direct relationships with the 
mobility of LLAs (Wurdeman et al., 2017). The mobility of fallers and aid-user participants 
had lower scores. This was similar for participants with worries about falling and is in 
agreement with Miller et al. (2001). In spite of their sample being older, the score in our 
study was lower (the mean of 5.05 for worried and 7.45 for non-worried compared with 
6.1 and 8.2, respectively). This might indicate that our participants intentionally limited 
their mobility to avoid a fall.  
The strong positive relationship between the ABC score/categories and the PEQ-M score 
is thought-provoking, and it shows that those with lower levels of confidence in having 
balance during daily activities had lower levels of mobility, as well. These results are 
logical, as those with lower confidence in their balance during daily activities avoid 
performing them and are less mobile. Consequently, the participants with lower mobility 
scores were at higher risk of future falling (ABC score <67).  
 
3.4.1.2 Balance  
The results of this survey showed that 41% of participants walked without aids 
(comparable with rates of 43.3% and 47.6% in Miller et al. (2002); Miller et al. (2003), and 
59% in Hammarlund et al. (2011)). It is interesting to note that the lowest percentage of 
participants who used walking aids were in the more than 20 years since amputation 
category. In addition, unaided participants had experienced longer time since amputation. 
A similar trend was observed regarding the age-at-amputation groups; most of the 
respondents in the age-at-amputation group of younger than 20 years of age did not use 
aids to walk, and those who were aided walkers had an older age-at-amputation. These 
results suggest that as their amputation happened at a young age, they had adapted 
better to their amputation, and had got used to unaided walking. On the other hand, the 
78 
 
use of walking aids increased with age in the sample. This is logical as, in the non-
amputee population as well, physical ability decreases with age, which might lead to the 
use of walking aids by the elderly (Resnik et al., 2009). 
The number of participants with a fear of falling and falling experience was high (71.6% 
and 62% in comparison to Miller, W. C. et al. (2001) with, respectively, rates of 49.2% 
and 52.4%, and 56% for fallers in Wong et al. (2016)). Due to these high rates, the number 
of participants worried about falling was high among those with falling experience. There 
were even many participants with no fall experience during the last 12 months who were 
still worried about falling. In spite of no significant relationship, neither between the age 
of fallers/non-fallers nor between their age-at-amputation, around 80% of participants in 
an age-at-amputation group less than 20 years of age had falling experience. 
No significant association was observed between age-at-amputation groups and worries 
of falling and most of the participants in this group did not feel the need for aids for 
walking. This group had a mean of age 49.35 (±12.47 years), which is not considered 
old-aged, which had a higher rate of falling (Deandrea et al., 2010). This finding needs 
more investigation. As it was mentioned in the methodology section, the ABC self-report 
scale has been reported to be a reliable and valid tool to evaluate the balance of LLAs 
(Miller et al., 2003). In this study also, the ABC score was logically and correctly lower for 
participants with balance issues (using walking aids, having falling experience or being 
worried about falling). The mean ABC score was in the lower border of the moderate 
functioning level (with a mean of 55.24 and median of 58.75) which is lower than past 
studies (62.8 for Miller, W. C. et al. (2001); 67.6 for Miller and Deathe (2004); around 70 
for low active LLAs in Mandel et al. (2016); 65.1 for Wong et al. (2014); 2.4 out of 4 
(equivalent to 60 out of 100) for Hafner et al. (2017)).  
Only 21.9% of participants were in the high level of functioning category, which is lower 
than in past studies (33% and 35% in Miller, W. C. et al. (2001); Miller et al. (2002), 35% 
for Asano et al. (2008)). The rate of being in a low level of functioning, according to the 
ABC score, is high (39%) in this study (comparable with 25% of LLAs in Miller and Deathe 
(2004)). The statistical tests did not show significant differences between the ABC scores 
regarding the causes of amputation. This might be due to the small number of participants 
with amputation causes other than trauma. However, participants with amputation 
because of peripheral arterial diseases had the lowest mean and median scores 
(respectively, 41.56 and 42.5), whilst the same parameters were higher for participants 
with amputation due to diabetes in comparison with three non-vascular amputation 
causes, including severe infection, limited function and congenital condition. When 
comparing the ABC score categories, the highest rate of respondents with ABC >80 (high 
functioning level) was related to participants who had an amputation because of cancer. 
Meanwhile, most amputees with congenital and peripheral arterial disease as a cause of 
amputation had an ABC score <50 (low functioning level) and the highest rate of 
participants with ABC score = 50-80 (moderate functioning level) was related to 
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participants whose amputations were due to diabetes and infection. Participants with 
amputation due to peripheral arterial disease had the highest rate of ABC score <67 (an 
indicator of being at risk of falling). In a study dividing a sample of amputees into two 
groups with vascular (including diabetes and peripheral arterial disease) and non-
vascular (including trauma, infection, cancer, and congenital conditions) causes of 
amputation, the mean ABC score = 54.13 was recorded for the vascular group (Miller et 
al., 2002). This score is higher than our score but is in the lower border of moderate 
functioning level and less than 67, which shows they were at risk of falling, the same as 
with our participants. It may be that if the study had used similarly broad causal 
categories, the differences would be significant.  
Length of time since amputation for the participants at risk of falling (ABC <67) was 
shorter. This could be due to the shorter time available to adjust to amputation, but it is 
not related to the age of the participants.  
The ABC score was higher for the participants who used their prostheses every day/most 
of the day. The percentage of participants who used their prostheses every day/most of 
the day decreased with the decline of the functional level, according to the ABC score 
categories. This potentially shows how using a prosthesis most of the day adds to balance 
confidence or could simply be that those with higher balance confidence are more likely 
to use their prostheses for longer periods during the day. 
As Table 3.19 shows, the ABC score was lower for participants with intact limb pain and 
the majority of them were at risk of future falls (ABC score <67). The pain in the intact 
limb may lead to reduced reliance on the non-amputated side, which is natural, but the 
intact limb is more stable in comparison to a prosthesis device and so a greater reliance 
on the prosthesis for balance, in fact, reduces overall balance confidence. In addition, 
participants with phantom pain and stump pain had lower ABC scores. Three-quarters of 
participants with phantom pain were in the low functioning level and at risk of falling. 
These results suggest that these sensations might be imposing psychological effect on 
balance confidence.  
In this study, 59% of participants used aids to walk (similar to the rates for Hammarlund 
et al. (2011) with 59%, and Hafner et al. (2017) with 57%). The mean of the ABC score 
for aided participants was 44.4 - a low level of functioning - while unaided participants 
had a much better level of functioning, with 70.66 as the mean ABC score. This is 
comparable to Miller et al. (2002) study with 58% aided LLAs and an ABC score of 44.9, 
whilst the ABC for unaided participants was 82.6. Still, these results show that the majority 
of the participants needed intervention to improve their balance (ABC<80, Myers et al. 
(1998). As was expected, the ABC score of participants with falling experience and 
worries about falling was lower, and the number of participants at risk of falling was more 
among these groups.  
Interestingly, but not surprising, higher ABC scores (high level of functioning) were 
associated with higher scores of QOL, satisfaction with the prosthesis, PEQ-M, 
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prosthesis evaluation and less feeling of being frustrated with the prosthesis. These 
results indicate the level of balance confidence is connected to other aspects of prosthetic 
use. In addition, (Miller et al., 2002) also mentioned depression as an additional indicator 
for the low level of balance confidence besides other parameters (including fall 
experience, fear to fall, and mobility level), which supports our results regarding the QOL 
and satisfaction with balance confidence. 
These results, in addition to the observed relationship of ABC scores and mobility scores, 
suggest the strong need for improving LLA balance. Schafer et al. (2016) found that 
traditional balance exercises did not greatly improve ABC scores (in the range of 62-84) 
of faller LLAs, but (Mandel et al., 2016) commented on the effectiveness of the exercises 
in reducing falls. Schafer et al. (2018), in a more recent paper, reported on the success 
of a 12 weeks personalised program (focusing on strength, balance, flexibility and walking 
endurance) in reducing falling incidents in lower limb amputees. It is important to 
remember that lower limb amputation might be frequently associated with some 
complications, such as a shortened stump length or stump contractions, which negatively 
affect the balance (Lenka and Tiberwala, 2010; Ghazali et al., 2017) and which should 
be considered in balance improvement programs for LLAs. These facts indicate a strong 
need for tailoring balance exercises for LLAs. According to biomechanical studies, 
including the evaluation of balance based on COP features, TT amputees who received 
regular physical therapy sessions and walking practice after prosthetic fit had better 
balance and less body sway in comparison to newly fitted amputees (Mayer et al., 2011). 
Using new technologies also can be effective in balance improvement in LLAs. Sethy et 
al. (2009) reported balance improvements using a balance trainer board (Phyaction), in 
addition to normal balance exercises in comparison to a group of LLAs with traditional 
balance exercises. Another study showed prolonged intervention in the form of home 
videogames with a balance platform involving standing weight shifting as an active game 
controller improved the COP displacements of adolescent TF amputees (Andrysek et al., 
2012). Mohamadtaghi, B. et al. (2016) also reported balance improvement of TT 
amputees after a set of regular (five times per week) and prolonged (over four weeks) 
balance exercises by using a computerized dynamic posturography system with the 
manipulation of visual, vestibular and proprioceptive inputs. The alance scores of a group 
of TT amputees improved by allowing the performance of the balance exercises in front 
of a mirror in comparison to those without it (Mohamadtaghi, M. et al., 2018). Vibratory 
feedback has also improved TT amputees standing balance (Rusaw, D. et al., 2012). 
Besides these issues, the fact that prosthetic devices have a lower capacity than the 
natural limb to produce, various forces at play might be a reason that there is a balance 
deficiency in lower limb prosthesis users (Bolger et al., 2014) which must be considered 
in prosthetic fabrication technologies and rehabilitation procedures. 
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3.4.2 Limitations  
The number of participants, considering the duration of the survey was open (two and 
half years for the English version and one year and three months for the Persian one), 
and the attempts to publicise and advertise it by sending over a hundred emails and 
messages to LLA support groups and Facebook amputees’ pages, was disappointing. As 
the survey was formed by combining several questionnaires, it may be that the number 
of questions and the time required to complete the questionnaire was a reason few were 
interested to participate in the survey. As indicated previously, to share an opinion 
(Brüggen et al., 2011) and help to prevent/solve the same problems for others (Soule et 
al., 2016) are the main personal reasons many take part in surveys. But these reasons 
may be diminished among the huge numbers of those invited to participate in this study. 
At the same time, the survey was online and many LLAs were older and, therefore, might 
have been less familiar with such a means of collecting data. These reasons can lead to 
a small number of participants.  
Several results, such as low scores among British participants, need more investigation. 
Furthermore, it would be beneficial to access each question in the ABC scale and 
Oswestry Low Back Disability Questionnaire separately, as well as to investigate different 
sections of the PEQ part of the survey. Further, a more advanced statistical analysis, 
such as multiple regression tests or principal component analysis, would be useful to find 
the predictors of LBP and falling among LLAs. As the recruitment method was different 
for Iranian participants, and that seemed to affect their responses, it would be beneficial 
to analyse their data and the data from other participants separately.  
 
3.5 Conclusion 
The survey which has been designed for and published in this study has provided an 
expanded (due to its online availability and not being limited to a certain geographical 
region) and comprehensive (due to combining three standard questionnaires) database 
about the condition of LLAs related to their amputations and subsequent prosthetic use 
in daily activities. This study has shown how LLA participants face common problems 
related to their balance, mobility and their ability to perform daily activities. No association 
between the problems and their residence has been proven. However, it is clear their 
issues are interrelated.  
The high number of participants with balance deficiency (ABC scores less than 80, with 
worries about falling and falling experience) indicates that the balance of LLAs must be 
monitored regularly, and proper intervention (such as balance exercises and muscle 
strengthening) should be organised for those amputees with lower levels of confidence.  
As the level of LLAs’ mobility, balance confidence and functionality of LLAs have a 
positive relationship with satisfaction and self-perception of QOL, it is necessary to give 
special importance to these aspects when seeking to improve their ability to use their 
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prostheses during ambulation and transfer their skills to the performance of daily 
activities. 
Finally, this study has shown that the problems related to pain, prosthetic evaluation, 
mobility and balance have effects on the judgment of LLAs regarding their QOL. Such 
problems might affect their wellbeing and independence besides having a negative 
impact on the performance of daily activities, and possibly threaten further injuries (for 
example, due to falls). It is necessary to observe and solve the issues as a whole package 
rather than separately. In addition, in spite of global improvements in health, which have 
led to an increase in the ageing population, it is necessary to remember this increase can 
be associated with different threats at the same time. From a prosthetist’s/orthotist’s point 
of view, it must be noted that, as a consequence of the increasing age of the world 
population, current LLAs will live to a longer age, too. Unfortunately, a large proportion of 
lower limb amputations may result from comorbidities associated with old age. Being 
aware of their difficulties and performing regular screening programs to become updated 
about the various problems and needs amputees have, and providing better 
physical/mental health care - including prosthetic monitoring and services - should be 
part of the preparation for the increasing numbers of elderly people. Furthermore, the 
results related to the deficient mobility and balance of LLAs became a supporting fact to 
evaluate effect of insoles on these problems in next 2 chapters.  
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Chapter 4  
Study 2: Trans-femoral Amputees’ Level of Walking 
4.1 Introduction 
Lower limb loss and the consequent use of artificial limbs might be associated with 
changes in walking characteristics of LLAs which may be used to evaluate their 
functionality. Spatio-temporal variables of walking (including step/stride lengths, stance/ 
swing/ double support duration for each limb) (Perry, J. and Burnfield, 1992) and of the 
symmetry between the right and left limbs (Ellis et al., 2013) are considered the main 
indicators for the assessment of walking performance and human levels of functionality. 
Accordingly, an objective of this study has been to evaluate TF amputee participants’ 
functionality through these variables. In the next step, the variables will be compared 
between amputee and non-amputee participants. A motion analysis system will be used 
to collect spatio-temporal data of self-selected speed walking. In addition, the answers 
given by amputee participants to the survey (Chapter 3) have been collected. Here, the 
ABC scale and PEQ-Mobility parts of the questionnaire will be used to evaluate the 
amputee participants’ self-reported level of functionality. As has been reported through 
the details in Chapter 3, these responses have provided the opportunity to recorda 
respondent’s perception of her/his ability to perform several daily activities. An ABC score 
>80 is considered to reflect a high level of functionality. The scores 50-80 and scores <50 
indicate moderate and low levels of functionality, respectively (Powell and Myers, 1995). 
Respondents were asked to score from 0, which is the worst score, to 10, which 
represents the best score, in a PEQ-M questionnaire to evaluate their mobility. 
An assessment of the effects of insoles on biomechanical aspects of walking is another 
main goal of this chapter. Insoles may be bespoke (to fit a specific patient and condition) 
or relatively inexpensive off-the-shelf and generally commercially available. There is 
evidence that footwear influences a number of spatio-temporal and biomechanical 
variables of non-amputees’ walking, such as step/stride lengths, stance/swing duration, 
knee/ankle range of motion, ground reaction forces and lower limb joint moments 
(Franklin et al., 2015). Similarly, modifications to footwear, through the use of insoles, for 
example, have been shown to have the potential to impact the relative orientation of lower 
limb segments and, subsequently, the loading and functioning of the limb during standing 
balance or walking, via their particular shape (Ball and Afheldt, 2002b; Nester et al., 2003; 
Nakajima et al., 2009; Castro-Méndez et al., 2013; Kendall et al., 2014; Jafarnezhadgero 
et al., 2018) or material of construction (Perry, S.D. et al., 2008; Losa Iglesias et al., 2012; 
Liu et al., 2012; Qiu et al., 2012; Stern and Gottschall, 2012; Bateni, 2013; Qu, 2015). It 
is known that the pattern and biomechanics of walking in lower limb amputees are 
different from non-amputees. This is because of amputees’ impaired musculoskeletal 
system, and the use of an artificial limb which is not able to provide the exact function of 
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a natural limb. These differences might express themselves through compensatory 
strategies, including higher reliance on the intact limb (IL), which is seen in the form of a 
longer stance time, shorter step length and larger IL joint moments (Prinsen et al., 2011; 
Sagawa et al., 2011). In addition, deficient somatosensory information sent to the CNS 
following limb loss leads to a higher risk of amputees falling (Buckley et al., 2002). 
Wearing insoles might affect the peak of vertical ground reaction force (Creaby et al., 
2011; Muthukrishnan, 2016; Jafarnezhadgero et al., 2015), loading rate 
(Jafarnezhadgero et al., 2015), spatio-temporal variables (Aboutorabi et al., 2014) due to 
them having a shock-absorbing feature. These features of insoles might be beneficial and 
have a supporting role for the IL which is subjected to higher and longer periods of load-
bearing due to amputees’ greater reliance on it. The effect of insoles on the biomechanics 
of walking and the balance improvement of non-amputees has been reported, but there 
is no documentation of the effect on amputees in the current literature. This fact has 
created the main motive to study the effect of insoles on walking for above-knee 
prosthesis users. A motion analysis system was used for the precise evaluation of the 
potential effects. Commercial insoles are easily available and relatively inexpensive for 
people living in middle-low incomes countries. Based on the facts about insoles noted 
above, a commercial insoles with heel shock-absorbers and light medial support was 
selected for use with the IL of amputees and both limbs of non-amputees during 
biomechanical tests. In this chapter, the biomechanics of a one gait cycle of each limb of 
10 unilateral above-knee prosthesis users and 14 non-amputees, as a control, during 
walking at a self-selected comfortable speed will be evaluated by using a motion analysis 
system in two conditions: with and without insoles. It is expected that the insoles will 
influence several kinematic (COM mediolateral and vertical displacements, COP 
mediolateral displacements, the relationship between the COG/COP and the lateral 
border of the BOS during late mid-stance as variables related to dynamic balance, and 
the ankle range of motion in the sagittal plane) and kinetic (initial vertical force loading 
rate, sagittal joint moments and powers) walking variables due to their mechanical feature 
at the heel (a shock absorber, which is compressed in the sagittal plane). Thus, first these 
variables will be measured in unilateral TF amputee and non-amputee participants in a 
without insoles condition and, in the next step, the effects of insoles use on the same 
variables during walking of both groups will be evaluated and will be compared. In the 
final section, the results will be discussed. 
The following hypotheses have been considered:  
1. The function of unilateral TF amputees is lower than non-amputees according to the 
spatio-temporal variables of walking (including walking speed, step/stride length, 
stride time, duration of stance and swing phases of each limb) and symmetry index 
2. The unilateral TF amputee participants in the biomechanical tests of this study have 
a moderate level of functioning and mobility, according to their answers to the ABC 
scale and PEQ-M scores.  
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3. There are significant differences between paired biomechanical variables, including 
each limb’s:  
o Spatio-temporal variables, except speed of walking 
o COM displacements (Vertical, Mediolateral) 
o Mediolateral displacement of the COP  
o The distance between the COP- lateral border of the BOS at mid-stance 
o The distance between the COG and lateral border of the BOS at mid-stance 
o The angular motion of the ankle joint in the sagittal plane 
o The initial stance loading rate 
o The lower limb’s joint powers and moments in the sagittal plane  
during the gait cycles of the IL and prosthetic limb (PL) of amputees in a without 
insoles session 
4. No significant differences exist between paired variables including each limb’s:  
o Spatio-temporal variables, except speed of walking 
o COM displacements (vertical, mediolateral) 
o The mediolateral displacement of the COP 
o The distance between the COP and lateral border of the BOS at mid-stance 
o The distance between the COG and lateral border of the BOS at mid-stance 
o The angular motion of the ankle joint in the sagittal plane 
o The initial stance loading rate 
o The lower limb’s joint powers and moments in the sagittal plane 
during gait cycles of right and left limbs of non-amputees in a without insoles 
session 
5. The extracted variables including each limb’s:  
o Spatio-temporal variables, except speed of walking 
o COM displacements (vertical, mediolateral) 
o The mediolateral displacement of the COP 
o The distance between the COP- lateral border of the BOS at mid-stance 
o The distance between the COG and lateral border of the BOS at mid-stance 
o The angular motion of the ankle joint in the sagittal plane 
o The initial stance loading rate 
o The lower limb’s joint powers and moments in the sagittal plane 
of amputees have significant differences with the variables of non-amputees 
during without insoles walking 
6. The use of insoles does not change the similarity which exists between the right and 
left limbs of non-amputees, according to the paired biomechanical variables, 
including each limb’s:  
o Spatio-temporal variables, except speed of walking 
o COM displacements (vertical, mediolateral) 
o The mediolateral displacement of the COP 
o The distance between the COP- lateral border of the BOS at mid-stance 
86 
 
o The distance between the COG and lateral border of the BOS at mid-stance 
o The angular motion of the ankle joint in the sagittal plane 
o The initial stance loading rate 
o The lower limb’s joint powers and moments in the sagittal plane 
7. The observed differences between amputees IL’s paired biomechanical variables 
including:  
o Spatio-temporal variables, except speed of walking 
o COM displacements (vertical, mediolateral) 
o The mediolateral displacement of the COP 
o The distance between the COP- lateral border of the BOS 
o The distance between the COG and lateral border of the BOS 
o The angular motion of the ankle joint in the sagittal plane 
o The initial stance loading rate 
o The lower limb’s joint powers and moments in the sagittal plane 
and if the variables of non-amputees decrease after insoles use. 
 
4.2 Methodology 
4.2.1 Participant recruitment 
The inclusion criteria were that all subjects should be: aged 18-70 years, with the normal 
cognitive ability to read and understand instructions and related materials provided for 
them by the researcher; be active ambulator and be able to walk without assistive devices 
(e.g., a stick); and be healthy or with controlled medical conditions. Additional criteria for 
the amputee group were: being a unilateral TF amputee; the amputation should have 
been performed more than two years earlier; having had experience of their current 
prosthesis for over one year; being free from any musculoskeletal issues (except for 
amputation in the lower limb) during the previous six months, having intact skin condition 
of the residual limb; using their prosthesis on a daily basis; using a passive mechanical 
prosthetic knee (i.e., no computerized or intelligent prosthetic knee); and having a 
conventional prosthetic ankle-foot (i.e., having no energy-storage or a carbon leaf 
structure). Suffering from medically diagnosed musculoskeletal/neuromuscular or 
balance issues during the last six months, having a medically diagnosed ankle/foot issue, 
having a wound/ulcer on the foot, wearing orthopaedic shoes or any foot orthosis or 
insoles were considered as exclusion criteria. The ethics committees of the Biological 
Sciences Faculty in the University of Leeds and the “Djavad Mowafaghian Research 
Centre of Intelligent Neuro-Rehabilitation Technologies” - Sharif University of 
Technology, had separately approved the study protocol and the participants’ recruitment 
procedure (Appendix E). All subjects were free to withdraw at any time.  
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4.2.1.1 Amputees 
Efforts for recruitment of TF amputees with the mentioned inclusion criteria (using a 
passive prosthesis) in Leeds were not successful. Thus, with the agreement of my 
supervisor, the University of Leeds and the manager of the “Djavad Mowafaghian 
Research Centre of Intelligent Neuro-Rehabilitation Technologies”, the recruitment of 
amputees, and the biomechanical tests data collection were carried out in Iran. Twelve 
unilateral lower limb male amputees, including one knee disarticulation and 11 TF 
amputees, agreed to participate in the study. They were recruited using a convenience 
sampling method from the “Disabled Iranian Veterans” prosthetic clinic, a sports complex 
related to the “Disabled Iranian Veterans” community and the “Iranian Handicapped 
Society” in Tehran. The participant’s treatment and/or care was not subject to the taking 
part in this study. 
 
4.2.1.2 Non-Amputees 
Fourteen non-amputee males, including eight persons in Leeds and six in Iran, 
participated in the study as the control group. When it was decided to perform the 
amputees’ data collection in Iran, we had already collected the eight non-amputees’ data 
in Leeds. The non-amputee participants were recruited using a convenience sampling 
method via advertising in the University of Leeds and Djavad Mowafaghian Research 
Centre. 
 
4.2.1.3 Participant data 
One amputee participant out of 12 was unable to complete the insole tests due to time 
constraints and was eliminated from the study. The characteristics of the 11 remaining 
amputees including 10 with trans-femoral amputation and 1 with knee disarticulation, 
(Mage±SD=55.9 ±8.53 yrs) and 14 non-amputee (Mage±SD=27.4±5.8 yrs) volunteers are 
shown in Table 4.1. There was no significant difference (p=0.203) between the BMI of 
the amputees (MBMI±SD = 27.7± 4.6 kg/m2) and the non-amputees (MBMI±SD= 25.3± 4.8 
kg/m2).  
All the non-amputees’ were right leg dominant. Six amputees had had an amputation on 
their left side. The cause of the amputation for all the amputees was trauma (5 Warfield). 
The time since amputation was more than 28 years for 10 participants and 18 years for 
one (M±SD=34.45±7.61 years). All of them had experienced amputation before their 30th 
year (M±SD=21.82±4.83 years). Except for one amputee with an Ottobock exoskeletal 
single-axis knee prosthesis (3P19), all the amputees used endoskeletal prostheses. All 
ankle-foot components, except for one amputee with SACH foot, were single-axis ankle-
foot. The majority of the mechanical passive prosthetic knee components were products 
of the Ottobock company, including one 3R21 (polycentric prosthetic knee for a 
participant with a knee disarticulation), 3R15 (single axis), 3R20 (polycentric joint), and 
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3R36 (polycentric joint). Five amputees used a pelvic belt as an additional suspension 
system to their suction sockets. 
Table 4.1 Participants characteristics 
subject Non-amputees Amputees 
 Age 
(yrs) 
BMI 
(kg/m2) 
Age 
(yrs) 
Time post-
amputation 
Cause of 
amputation  
Side of 
amputation 
BMI 
(kg/m2) 
1 22 25.3 49 31 (yrs) Warfield Right 31.8 
2 27 20.6 52 32 (yrs) Warfield Left 21.5 
3 24 30.0 48 30 (yrs) Warfield  Right 24.6 
4 29 25.3 61 46 (yrs) Work accident Left 19.6 
5 25 37.9 53 38 (yrs) Traffic accident Right 31.7 
6 25 22.8 58 36 (yrs) Warfield Right 27.3 
7 42 25.1 66 38 (yrs) Traffic accident Left 29.9 
8 23 26.6 57 29 (yrs) Traffic accident Left 25.0 
9 29 27.3 70 45 (yrs) Traffic accident Left 28.2 
10 27 25.9 40 18 (yrs) Traffic accident Right 32.8 
11 24 22.1 59 35 (yrs) Warfield Left 32.52 
12 38 25.8      
13 26 21.2      
14 23 18.1      
Average 27.4 25.3 55.9 34.5 (yrs) All trauma 6 Left, 5 Right 27.71 
SD 5.8 4.8 8.53 7.61 (yrs) - - 4.6 
 
4.2.2 Procedure  
4.2.2.1 Insole selection 
A major aim of this research was to determine if readily available and relatively 
inexpensive insoles can be used to improve the balance (and, secondarily, comfort during 
daily activity) of lower limb amputees. It was important that the insole chosen was low 
cost and easy to obtain as many amputees worldwide do not have access to high-cost 
health care. There are a number of insoles marketed that may meet this criterion. To 
some extent, the choice was subjective, but it was based on the information a potential 
patient may have when choosing such a device for themselves: cost, makers claims and, 
if possible, a trial for comfort in their current shoes. In addition to the cost (less than £30), 
the shape and material of the insoles were the key points in the selection. It was important 
that the insole fitted the shape of the sole of a natural foot and did not interfere with its 
natural motion. Accordingly, Dr Scholl's® P.R.O. Pain Relief Orthotics for Lower Back 
Pain was chosen. It has narrow contouring for the heel and a medial arch with a soft 
shock-absorbing pad (approximately 1cm thick) located under the heel. In addition, a 
semi-rigid curved structure between the heel and midfoot helped to prevent medial arch 
flattening. The insoles could be adjusted to shoe size by trimming according to the 
guidelines provided by the manufacturer (Figure 4.1). 
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Figure 4.1 The insoles used in the study 
 
4.2.2.2 Biomechanical tests 
The volunteers signed an informed consent form (Appendix G) when they attended the 
lab. A hard copy of the questionnaire in Chapter 3 (Appendix B) was completed by each 
amputee participant on their attendance for biomechanical tests. Testing took place at 
two separate test locations in Iran, using a Vicon motion capture system (Vicon Motion 
Systems, Oxford, UK) and at the University of Leeds by using a Qualisys motion capture 
system (Gothenburg, Sweden). These two motion analysis systems are accurate and 
established as the golden standard systems in human motion studies. The accuracy of 
their performance depends on the precision of the camera and the force platform 
calibrations. To analyse any movement by a motion analysis system, it is necessary to 
calibrate the space in which the motion is happening. Camera calibration provides the 
capture volume and the accurate scale of the system and enables it to produce accurate 
3D data. Camera calibration was considered achieved if the standard deviation of the 
wand length was less than 1mm. The force platforms were calibrated at instalment time 
and were checked generally according to the mass of a subject in test sessions. In the 
case of obvious differences or the transposition of the force platforms, these were re-
calibrated by specialist technicians at the labs.  
The calibration of the motion space was separately performed in both test sites according 
to the instructions issued for the Vicon and Qualisys motion analysis systems. The 
subjects wore a vest and short pants and their own comfortable shoes during the test 
sessions. The marker placement and test protocols were the same for all participants. 
The same person (the main researcher) placed markers of all the participants to improve 
the reliability of the data collection. After the calibration of the movement space, 14 mm 
spherical passive reflective markers were fixed on the skin, using double-sided adhesive 
tape, to define the body segments. The anatomical landmarks were identified for marker 
placement by palpation in accordance with the Qualysis track manager’s user manual, 
and the body modelling requirements for the visual 3D software on the basis of the 
markers being visible for as much of the test time as possible during the tests. Visual 3D 
software requires a full body model, including upper limbs and trunk, to calculate a body’s 
COM (Figure 4.2-A). In this software, the calibration markers are used to define the 
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proximal and distal ends of each segment. Thus, the following markers were placed on 
the body as calibration markers: right/left 1st and 5th metatarsal heads (MTH), right/left 
mediolateral calcaneus, right/left medial and lateral malleolus (Med.Mal., Lat.Mal.), 
medial and lateral epicondyles of the right/left femurs (Med.Con., Lat.Con.), right/left 
greater trochanters (Tro.), right/left iliac crests (Ili.), right/left anterior superior iliac spines 
(ASIS), right/left posterior superior iliac spines (PSIS), right/left acromion processes 
(Acr.), right/left coracoid processes (Cro.), medial and lateral epicondyles of the right/left 
humorous (Med.Elb., Lat.Elb.), medial and lateral of right/left wrists (Med.Wri, Lat.Wri), 
7th cervical spine (Cer.) and sternal notch (Ster.). In addition, tracking markers must be 
introduced in a visual 3D model to make a segment recognised. Hence, four markers in 
the quadrilateral order were attached to the right/left shanks, femurs, and upper arms, 
three markers with fixed positions were attached to the right/left forearms and five extra 
markers on each foot, including 1st/ 5th metatarsal base (MTB), mediolateral calcaneus 
(Med.Cal., Lat.Cal.) and calcaneus (Cal.). These were used as tracking markers. The 
markers for the prosthesis were placed in accordance with the intact side and the 
rotational axis of the prosthetic knee (Figure 4.2-B).  
After the marker placement and at the starting of each test session, the participants stood 
in an anatomical position in the middle of the calibrated space to record a static data set. 
The static test was used to calculate the joint centre locations and the relative locations 
of the tracking and anatomical markers in the modelling stage. 
 
4.2.2.2.1 Tests in Iran 
The experimental sessions for the amputee group and six non-amputee volunteers took 
place in the Motion Analysing Lab at the “Djavad Mowafaghian Research Centre of 
Intelligent Neuro-Rehabilitation Technologies”; in Tehran, Iran.  
For use in a parallel study (please see the list of publications I cooperated in by 
conducting the related biomechanical tests and extracting the results), the data collection 
included a recording of the electrical activity of several lower limb muscles which are not 
presented in this thesis. The location of markers and force data were collected by using 
a Vicon motion capture system (Vicon Motion Systems, Oxford, UK). The system was 
composed of two 40cm×60cm and 80cm×60cm Kistler force platforms embedded in the 
floor, and six infra-red cameras (Vicon MX-T40), which were fixed at a height of 2m 
around a 2m×5m walking path to cover the measurement field of view of approximately 
1.5m×4m×2m around the force platform area. Camera calibration of the system was done 
for each test session separately, according to Vicon protocol and guidelines. The ground 
reaction forces (GRF) from the two Kistler force platforms and the position of the markers 
were recorded synchronically, at a sampling frequency of 1200 Hz and 120 fps 
respectively, during each test. 
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A B 
Figure 4.2 A) Schematic demonstration of marker placement, B) Marker placements for an amputee participant 
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4.2.2.2.2 Tests in Leeds 
The tests for eight non-amputees in Leeds were conducted at the Gait and Motion 
Analysis Laboratory at the University of Leeds by using a 3D Qualisys Motion Capture 
system (Gothenburg, Sweden) and two AMTI force platforms (Watertown, MA, USA). 
Thirteen ProReflex AQUS4 cameras were fixed around an 8m×8m testing space at the 
height of 3m to cover a measurement field of view approximately 5m×5m×2.5m. 
Calibration of the system was done for each test session according to the Qualisys 
protocol and guidelines. The 3D coordination of markers and force data from the force 
platforms were recorded synchronically at the rate of 400 fps and 1200 Hz, respectively. 
The 3D tracker had a prediction error of 30 mm and a maximum residual of 10 mm.  
4.2.2.2.3 Walking Test Sessions  
The tests were conducted in two different experimental conditions: with and without 
insoles inside the shoes. A pair of the mentioned commercial insoles (Dr Scholl's® P.R.O.) 
was provided for each participant. Each test session included a range of daily activities, 
but only standing balance and walking tests are represented in this thesis. 
Each participant was asked to walk at his comfortable self-selected speed across a walk-
way in the laboratory with two force platforms embedded in the middle. Each participant 
reached the first force platform by at least their third step. The tests were repeated in case 
of inappropriate placement of a foot on just one force platform. Three successful walking 
trials per participant with full foot support (clean hits) on both force plates were recorded 
for each insoles condition. For insoles sessions, the insoles were used for both feet of the 
non-amputees and the intact foot of the amputees. Amputee participant number 11 had a 
different walking pattern, with short steps, which led to one force platform remaining in 
touch with both feet during each step; this resulted in inappropriate walking data. 
Therefore, his walking data was not processed.  
All participants were asked to continue using the insoles during their outdoor activities and 
to give their feedback on them by filling the qualitative evaluation form used for insoles 
selection (Appendix F) after four weeks of using the insoles. 
 
4.2.3 Data Analysis 
The 3D coordinates of the markers at the two testing sites were obtained by a marker 
tracking process using separately Nexus 2.5 (Vicon Motion Systems, Oxford, UK) and 
Qualisys Track Manager software (QTM, Gothenburg, Sweden). The C3D files resulting 
from the marker tracking software (including the force platform data) were used as input 
for the visual 3D software (the University of Leeds, Visual3D X64 Professional v5, and v6) 
to develop a body model, to determine the phases of each gait cycle and, finally, to extract 
the basic variables outlined in Table 4.2. 
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4.2.3.1 Rigid body model and extracting variables 
A 12 segment full body model for each participant was created according to the visual 3D 
guidelines by using tracking and calibration markers (as reported in section 4.2.1.3, Figure 
4.2-A) of static tests. The segments included the feet, shanks, thighs, arms and forearms 
of both right and left sides, in addition to the pelvis and trunk (Figure 4.3).  
 
Figure 4.3 Body model included right and left feet, shanks, thighs, arms, and 
forearms in addition to pelvic and trunk segments 
 
The ‘V3D_Composite’ was selected to model the pelvis segment. It uses left and right 
ASIS and PSIS to define the pelvis, and produces hip joint centres. Consequently, the 
thighs segments were defined by using the hip joint centres as the proximal joint and the 
medial and lateral epicondyles of the femur markers as the distal joint (knee) in addition 
to four tracking markers on the thigh. The shank segments were defined using the medial 
and lateral epicondyles of the femurs as the proximal joint (knee) and the medial and 
lateral malleolus markers as the distal joint (ankle), in addition to the four tracking markers 
on the shank. The foot segment was determined by the medial and lateral malleolus as 
the proximal joint (ankle) and 1st and 5th metatarsal head markers as the distal joint (toes), 
in addition to 1st and 5th metatarsal bases and mediolateral calcaneus markers as tracking 
markers. Extra tracking markers on the feet were permitted in case of any missing feet 
tracking markers. Markers on the right/left PSIS, right/left acromion processes, 7th cervical 
spine and the sternal notch were used for the trunk segment (called the thorax/abdomen 
in the visual 3D model). Using a similar method, the upper extremities, including the arms 
and forearms, were defined via related markers. By including the mass of each subject in 
the “subject data” in the modelling section of the visual 3D, anthropometric data needed 
for later variable computations, such as joint moments or the COM, were automatically 
calculated. Thus, the default mass proportions in the visual 3D were used for all the ILs 
and the non-amputee subjects. The mass of the PL was estimated from prosthesis 
manufacturers catalogues and the approximate values were entered into the related fields 
in the software. Hence, a full body model was built which permitted calculation of the 
body’s COM position by visual 3D software.  
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The visual 3D software is able to detect walking events, including the initial contact and 
toe-off for each lower limb as indicators of the start of the stance (end of swing) and end 
of stance (start of swing) respectively, during level walking. For each trial, the data of each 
limb’s single stride (a clean touch of each foot to only one force platform in a consecutive 
manner) was processed (Figure 4.4). The data related to the tests in which the 
participant’s foot did not place properly only on one force platform were excluded. 
 
Figure 4.4 Stride and step lengths and width (adapted from (Whittle, 2002) 
 
After building the body model and defining the walking events, the kinematic and kinetic 
variables of the trials were calculated and extracted. A second-order Butterworth low pass 
filter with a cut-off frequency of 6Hz was applied to the 3D coordinates by markers (Winter, 
2005). The spatio-temporal variables were calculated and extracted by using heel marker 
displacements and the automatic detection of stance and swing phase events. The 
Computer_Model-Based_Data commands in the visual 3D software also provided various 
pipelines to calculate the pre-defined kinematic/kinetic variables. Figure 4.5 is an example 
of the visual 3D pipelines used to calculate the right ankles angles, moments and power.  
 
Figure 4.5 Examples of using visual 3D’s pipeline to calculate right ankles angles, 
moments and power 
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As can be seen, the user defines the data name, the model-based variable (for example, 
Joint_Angle or Joint_Moment or Joint_Power), the segment which must be used from the 
model and the Cardan sequences. The default Cardan sequence for the calculation of 
joint angles in visual 3D is x-y-z, which is equivalent to the flexion/extension-
abduction/adduction-axial rotation. After execution of the pipelines, the user will be able 
to build a report in visual 3D. In this report, variables can be exported in a text file after 
specifying the beginning and ending events. For walking data, variables were extracted 
for one stride and were normalized to 100 points (as 100% of a gait cycle). The exported 
files were later analysed in Excel. 
 
4.2.3.2 Study variables 
Table 4.2 shows the biomechanical variables which were extracted in the visual to be 
used in the examination of hypotheses numbers 1 and 3-8 in the later comparison 
between the limbs, groups and insoles sessions.  
Table 4.2 Extracted data by utilizing visual 3D software 
Variable Description 
Spatio-
temporal 
Walking speed: Forward speed of COM to pass the right and left consecutive strides 
(calculated by visual 3D software) 
Step length (distance): Anteroposterior distance between the heel markers of two feet 
during their consecutive heel strikes 
Step Width (distance): Mediolateral distance between the heel markers of two feet during 
their consecutive heel strikes 
Stride length (distance): Anteroposterior distance the heel marker travels during two 
consecutive heel strikes of one limb 
Stride time: The duration of one stride, measured in seconds  
Stance duration (time): The proportion of a stride one leg is in contact with the ground, 
expressed as percentage of gait cycle 
Swing duration (time): The proportion of a stride one leg is not in contact with the ground, 
expressed as percentage of gait cycle 
Terminal double support (time): The proportion of a stride at end of stance of a limb 
which is coincide with initial stance of contralateral limb, expressed as percentage of gait 
cycle 
Kinematic COM 3D coordinates: COM’s x, y and z coordinates during one gait cycle of each limb 
COP 2D coordinates: COP’s x, y coordinates during stance phase of each foot on one 
force platform  
Three dimensional coordinates of the metatarsal and lateral heel markers: x, y and z 
coordinates of these markers during one gait cycle of each limb 
Ankle angle changes: Ankle angle in sagittal plane during one gait cycle of each limb 
Kinetic Vertical GRF changes: Changes of the vertical component of GRF during stance phase 
of each foot on one force platform  
Ankle, knee and hip joints moment changes in sagittal plane: Lower limb joint 
moments in sagittal plane during one gait cycle of each limb 
Ankle, knee and hip joints power changes: Lower limb joint scalar powers during one 
gait cycle of each limb 
 
As was mentioned in the Introduction, the spatio-temporal variables were used to evaluate 
the participants’ level of functionality. The heel’s soft shock-absorbing pad was the main 
feature of the insoles, which is expected to affect the biomechanical variables (including 
the ankle angle, lower limb joints moments and powers) in the sagittal plane as a 
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mechanical intervention. Therefore, the kinematic and kinetic variables in Table 4.2, were 
selected to evaluate the effect of the insoles on walking. The mediolateral displacements 
of the COP, the mediolateral and vertical displacement of the COM during the right and 
left steps and the strides are related to the dynamic balance and might be affected by the 
insoles. The displacements of the COM and COP were normalised to the line of 
progression. 
In addition to the variables mentioned in Table 4.2, the vertical GRF loading rate during 
the initial stance, mid-stance, the distance of the COP and COG to the lateral border of 
the feet (the line between the 5th metatarsal head and the lateral heel markers), and the 
symmetry index for the spatio-temporal variables were calculated separately, as follows:  
Loading rate: The initial stance’s vertical force loading rate was calculated in three time-
points. These time-points are demonstrated in Figure 4.6 (which is a profile of the average 
vertical ground reaction force for three without insoles walking trials of the right limb of 
non-amputee number 14). The loading rate is force changes during a particular time: 
LR=
ΔF
Δ𝑡
 in which "LR" stands for loading rate, "F" for force and "t" for time. In the first method 
(1st in Figure 4.6), the point with a magnitude equal to 80% of the first peak of vertical 
force was found. The LR was calculated by knowing its timing as a stance percentage 
and the stance duration in seconds (Stacoff et al., 2005). But, as is seen in Figure 4.6, the 
point is after the initial impact, which is expected to be influenced by the heel of the insole. 
Thus, a point before the initial impact must be recognized. As the timing of the impact was 
not constant, in the second method, the corresponding force change during the first three 
percent of the stance phase was used to calculate the loading rate. In the force profile of 
several amputee subjects, there was a close to horizontal slope for the force profile of PL 
during the first percentages of the stance, which did not permit us to use this method for 
all. Accordingly, the third method was developed following inspiration from (Ueda et al., 
2016) methods provided for the loading rate during running; hence, the loading rate during 
the three percent after the force equal to 20% of the first peak of the vertical force was 
calculated. In all these methods, time was converted from percentage to second according 
to the length of the stance phase and the force was normalised to the bodyweight of the 
participants in kgs.  
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Figure 4.6 Three utilized time-points to calculate the loading rate  
 
Symmetry index: When similar measurements were performed for right and left lower 
limbs (in a similar way to the intact and the PLs for lower limb amputees) during a rhythmic 
activity like walking, their symmetry might be an indicator of the matching functions of both 
limbs. In addition, the symmetrical gait is associated with optimal mechanical and 
metabolic costs, thus efficient walking (Ellis et al., 2013). Accordingly, the similarity of 
these variables for intact and the PLs of amputees (and right and left limbs of non-
amputees) was calculated by using the symmetry index (SI) in Equation 4.1  
𝑆𝐼 =
|𝑋𝐿−𝑋𝑅|
0.5×(𝑋𝐿+𝑋𝑅)
× 100% (Blazkiewicz et al., 2014) Equation 4.1 
In which X might stand for all gait variables of right (R) and left (L) sides. The amounts 
equal to zero/≥100% show complete symmetry/asymmetry between two limbs. In this 
chapter, SI<10% will be considered a reasonable level of symmetry for the variables (Wu 
and Wu, 2015).  
Relationship between the COG/COP and BOS’ lateral border: The lateral positioning 
of the COP and the distance between the COG (the projection of the centre of mass on 
the ground (Winter, 1995)) and lateral border of BOS might be used to evaluate the 
dynamic balance control during walking, according to (Kendell et al., 2010) and (Nagano 
and Begg, 2018) respectively). The distance between the COG-lateral border of the BOS 
and the COP-lateral border of the BOS (as the lateral positioning of the COP) was defined 
in this study to evaluate the differences between amputees and non-amputees’ balance 
control in single support, in addition to an assessment of the insoles use on these 
variables. The lateral border of the BOS was defined by a line between the 5th metatarsal 
head and the lateral heel markers. Three-dimensional coordinates of the metatarsal and 
lateral heel markers during one gait cycle of each limb were extracted by using visual 3D 
software. The Equation 4.2 was used to calculate the distance between a point (point A 
with xA and yA as its coordinates, i.e., the COP or COG) and a line (formed by points 1 
98 
 
and 2 with x1, x2 and y1, y2 as their coordinates: i.e., the 5th metatarsal head and lateral 
heel markers, which represents the lateral border of the BOS):  
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑃1, 𝑃2, 𝑃𝐴) =
|(𝑦2 − 𝑦1)𝑥𝐴 − (𝑥2 − 𝑥1)𝑦𝐴 + 𝑥2𝑦1 − 𝑥1𝑦2|
√(𝑦2 − 𝑦1)2 + (𝑥2 − 𝑥1)2
 
Equation 4.2 
The moment of changing posterior force to anterior force in the force profile of each limb 
was considered as the late mid-stance point of time (Richards, 2008). The relationship 
between the COG/COP and the BOS lateral border were calculated in this point of the 
gait cycle as a recognisable moment in single support.  
 
4.2.3.3 Reliability of data collection 
The reliability (repeatability) and validity of the data collection systems were tested by 
repeated measurements of several known lengths, angles and weights. The results 
presented in tables H-Q-1 to H-Q-6 and tables H-V-1 to H-V-6 of Appendix H are 
respectively related to the repeatability and validity of the Qualysis motion analysis system 
and Vicon motion capture system, including their force platforms. As can be seen, the 
level of repeatability and validity of the systems were high. The calculated coefficient of 
variance for all angular/linear measures and forces were less than 1% during 10 times 
repetition of measurements. In addition, the percentage error (PE) as a criterion of validity 
for all measurements was smaller than 1%.  
4.2.4 Statistical analysis  
Mean values of each variable during the repeated tests for each participant were used to 
compare the two limbs in each group and between groups, in addition to the two insoles 
conditions. As it is a study with intervention (insoles conditions as pre-post) and a control 
group, mixed between-within subjects ANOVA (2 limbs × 2 groups × 2 insoles condition), 
was used to compare groups-limbs-insoles conditions. When significant differences were 
found, an independent sample t-test (between 2 groups) and paired t-test (pre-post 
insoles use) were utilized to find the exact differences between the data. The statistical 
analyses were conducted using SPSS version 25.0 (IBM Corp, 2017), with the level of 
significance set at p ≤ 0.05 for all analyses.  
The Coefficient of Variance ( 𝐶𝑉 =
STDE
Mean
× 100 ) as a criterion for assessment of the 
variability level of the selected variables was calculated and is reported for each spatio-
temporal variable in both groups. CV<10-15% will be considered as the acceptable (low) 
level of variability (Standing and Maulder, 2017; Thomas et al., 2018; Me et al., 1998).  
4.3 Results 
The results of walking at a self-selected speed of 10 TF amputees and 14 non-amputees 
in two insoles conditions are presented in 3 main parts: the level of function, homogeneity 
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of groups, the effect of insoles on walking (including spatio-temporal variables and the 
kinematics and kinetics of walking).  
 
4.3.1 Level of Function  
The time and distance-related variables of walking might be considered indicators of 
functionality (Perry, J. and Burnfield, 1992). Accordingly, the level of the function of 
participants was evaluated via assessment of the variables in Table 4.2.  
For each amputee participant, the answers to the PEQ-M part (related to mobility) of the 
survey, as well as Activities-specific Balance Confidence (ABC) Scale questions and their 
total scores, will be presented to give a more precise insight into their functional level 
during the selected daily activities, including walking.  
 
4.3.1.1 Non-Amputees 
The averages of three trials of the spatio-temporal variables for 14 non-amputees during 
self-selected speed level walking without insoles are shown in Table 4.4. The group 
average of self-selected walking speed was 1.1 m/s (±0.14 m/s). The average and 
standard deviation of spatial variables in the non-amputee group are as follows: 0.09 m 
(±.04) for right step width; 0.68 m (±.05) for length of right step; 0.10 m (±.05) for left step 
width; 0.65 m (±.04) for length of left step; 1.32 m (±.07) for right stride length; 1.35 (±.09) 
for left stride length. The average and standard deviation of temporal variables in the 
group are as follows: 1.21 s (±.10) for duration of right gait cycle; 1.23 s (±.09) for duration 
of left gait cycle; 63.72% (±2.05) for right stance phase; 36.28% (±2.05) for right swing 
phase; 13.88% (±1.89) for terminal double support of right gait cycle; 63.29% (±2.08) for 
left stance phase; 36.71% (±2.08) for left swing phase; 13.73% (±2.05) for terminal double 
support of left gait cycle. 
As can be seen in the table, the convenient speed of walking for all non-amputee 
participants, apart from two (one with less than 1 and another with 1.5 m/s speed) was a 
little more than 1m/s. The step width was highly variable, particularly due to the catwalk 
pattern (negative width stepping) of three participants (number 9, 13 and 14). Strides and 
steps length, strides’ time, stance and swing time had low variability among the non-
amputee participants (CV<10-15% (Standing and Maulder, 2017; Thomas et al., 2018; 
Me et al., 1998)).  
The calculated SI for the spatio-temporal variables of non-amputee participants is shown 
in Table 4.3. As is seen in this table, the step width had the highest level of SI (more than 
10) among the participants. Step length and double support time for only three participants 
had SI values more than 10. The average SI of variables (except the step width) in the 
group suggested a reasonable level of symmetry between the right and left side (SI 
<10%).  
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Table 4.3 Symmetry Index of average spatio-temporal variables of non-amputee 
participants during self-selected speed level walking without insoles 
 SI (%) 
Non-Amputee 
Participants 
Step 
length 
Step 
width 
Stride 
Length  
Stance 
time  
Swing 
time  
Step 
DS  
Stride 
Time  
1 14.09 5.81 2.88 2.81 4.49 2.38 7.21 
2 1.61 12.68 1.54 0.99 1.63 7.9 0.95 
3 0.74 15.62 0.36 3.21 5.48 11.1 0.68 
4 11.47 67.30 5.84 3.44 6.37 8.26 3.43 
5 5.53 20.82 5.53 0.89 1.8 6.18 3.22 
6 5.18 16.79 4.05 0.95 1.93 4.16 1.15 
7 14.75 2.12 8.38 4.83 7.94 6.65 5.52 
8 2.27 10.95 1.76 5.06 8.38 5.67 0.88 
9 4.32 59.29 1.11 3.26 5.39 11.74 1.12 
10 1.58 46.82 0.52 1.67 2.92 18.85 0.49 
11 0.81 32.04 2.88 0.81 1.3 14.3 1.14 
12 0.12 2.84 1.39 0.74 1.39 6.84 0.14 
13 0.28 48.56 2.29 2.01 3.58 1.27 1.25 
14 5.19 134.81 0.74 1.44 2.37 3.58 1.91 
Mean 4.85 34.03 2.81 2.29 3.93 7.78 2.08 
 
4.3.1.2 Amputees 
o Spatio-temporal variables 
The averages of three trials of the spatio-temporal variables for 10 amputees during self-
selected speed level walking without insoles are presented in Table 4.5. The amputee 
group’s average of self-selected walking speed was 0.76 m/s (±0.15 m/s). The average 
and standard deviation of spatial variables in this group are as follows: 0.16 m (±.04) for 
IL step width; 0.53 m (±.03) for length of IL step; 0.17 m (±.03) for PL step width; 0.56 m 
(±.05) for length of PL step; 1.1 m (±.08) for IL’s stride length; 1.1 (±.06) for PL stride 
length. The average and standard deviation of the temporal variables in the group are as 
follows: 1.47 s (±.23) for duration of IL’s gait cycle; 1.45 s (±.21) for duration of PL gait 
cycle; 70.77% (±3.6) for IL’s stance phase; 29.23% (±3.6) for IL’s swing phase; 15.82% 
(±1.2) for terminal double support of IL’s gait cycle; 62.34% (±2.7) for PL stance phase; 
37.66% (±2.7) for PL swing phase; 17,14% (±2.1) for terminal double support of PL gait 
cycle. Amputee numbers 8, 6 and 4 had the lowest speed of walking (0.45, 0.61 and 0.65 
m/s, respectively), while amputee numbers 10 and 1 walked with a speed close to that of 
the non-amputee participants. No step width was less than 10 cm, and this was larger for 
PL steps in the majority of participants (except for three participants who had same step 
length for both sides). The average step length of the IL was smaller than for PL for five 
amputees (three had the same values and two had smaller step lengths in the PL). The 
PL had a shorter stance than the IL (62.34% vs 70.77%) and a contrarily longer swing 
(37.66% vs 29.23%) and double support (17.14% vs 15.82%) phases.  
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Table 4.4 Spatio-temporal variables of non-amputee participants during self-selected speed level walking without insoles 
Non-
Amputee 
V 
(m/s) 
R step L step R Stride L stride R Stance 
(%) 
R Swing 
(%)  
R step DS 
(%)  
L Stance 
(%)  
L Swing 
(%)  
L step DS 
(%) W (m) Le (m) W (m) Le (m) Le (m) T (s) Le (m) T (s) 
1 1.07 0.08 0.71 0.075 0.61 1.32 1.19 1.36 1.28 62.37 37.63 14.01 60.64 39.36 14.34 
2 1.08 0.10 0.64 0.11 0.63 1.27 1.16 1.29 1.17 62.6 37.4 13.9 61.98 38.02 12.84 
3 1.03 0.13 0.63 0.15 0.64 1.27 1.24 1.26 1.23 62.02 37.98 12.15 64.05 35.95 13.58 
4 1.08 0.05 0.68 0.09 0.61 1.29 1.19 1.37 1.24 66.05 33.95 15.11 63.82 36.18 16.41 
5 0.87 0.13 0.59 0.16 0.58 1.17 1.36 1.24 1.4 66.59 33.41 18.32 67.18 32.82 17.22 
6 1.01 0.13 0.62 0.15 0.59 1.21 1.21 1.25 1.2 67.21 32.79 16.94 66.57 33.43 16.25 
7 1.5 0.11 0.78 0.11 0.67 1.46 0.98 1.58 1.04 63.67 36.33 13.97 60.67 39.33 13.07 
8 1.2 0.07 0.68 0.06 0.67 1.32 1.13 1.35 1.12 60.77 39.23 12.92 63.93 36.07 12.2 
9 1.12 0.02© 0.69 0.01© 0.66 1.35 1.18 1.34 1.2 63.3 36.7 13.3 61.27 38.73 11.83 
10 1.11 0.10 0.67 0.06 0.66 1.32 1.19 1.33 1.2 64.15 35.85 12.44 63.08 36.92 15.02 
11 1.2 0.05 0.67 0.07 0.66 1.33 1.09 1.37 1.1 61.32 38.68 12.73 61.82 38.18 11.03 
12 1.06 0.06 0.67 0.06 0.67 1.3 1.21 1.27 1.21 65.45 34.55 11.69 64.97 35.03 10.92 
13 1.06 0.09 0.71 0.05 0.70 1.38 1.34 1.41 1.32 64.69 35.31 14.27 63.41 36.59 14.45 
14 1.03 0.01© 0.75 0.03© 0.71 1.47 1.43 1.48 1.45 61.84 38.16 12.54 62.73 37.27 12.99 
Mean 1.10 0.09 0.68 0.10 0.65 1.32 1.21 1.35 1.23 63.72 36.28 13.88 63.29 36.71 13.73 
(SD) (±.14) (±.04) (±.05) (±.05) (±.04) (±.07) (±.10) (±.09) (±.09) (±2.05) (±2.05) (±1.89) (±2.08) (±2.08) (±2.05) 
CV (%) 13 42 7 49 6 5 8 7 8 3 6 14 3 6 15 
Note: ©: cat walking pattern, V: walking velocity, R: right limb, L: left limb, W: width, Le: length, T: Time, DS: double support 
 
Table 4.5 Spatio-temporal variables of amputee participants during self-selected speed level walking without insoles  
Amputee 
Participant 
V 
(m/s) 
IL step PL step IL Stride PL stride IL Stance 
(%)  
IL Swing 
(%)  
IL step DS 
(%)  
PL Stance 
(%)  
PL Swing 
(%)  
PL step 
DS (%)  W (m) Le (m) W (m) Le (m) Le (m) T (s) Le (m) T (s) 
1 0.98 0.10 0.57 0.14 0.57 1.17 1.26 1.14 1.23 69.23 30.77 14.93 59.91 40.09 16.22 
2 0.7 0.11 0.53 0.15 0.52 1.105 1.47 1.09 1.46 68.23 31.77 15.60 63.9 36.1 16.28 
3 0.82 0.20 0.53 0.21 0.64 1.14 1.43 1.14 1.43 67.3 32.7 13.76 61.13 38.87 14.8 
4 0.65 0.15 0.50 0.17 0.60 1.07 1.65 1.10 1.58 69.28 30.72 14.23 62.45 37.55 15.76 
5 0.74 0.21 0.51 0.21 0.59 1.10 1.49 1.10 1.49 71.07 28.93 16.6 57 43 16.01 
6 0.61 0.14 0.49 0.13 0.49 0.92 1.54 0.97 1.6 78.87 21.13 16.26 63.16 36.84 21.13 
7 0.76 0.18 0.55 0.15 0.58 1.13 1.44 1.12 1.43 69.84 30.16 17.2 64.96 35.04 17.3 
8 0.45 0.16 0.56 0.19 0.49 1.04 2 1.02 1.9 74.34 25.66 16.35 64.7 35.3 20.17 
9 0.83 0.15 0.50 0.17 0.50 1.01 1.19 1.01 1.19 69.92 30.08 16.33 64.89 35.11 18.25 
10 1.1 0.15 0.60 0.13 0.65 1.3 1.18 1.26 1.15 69.62 30.38 16.91 61.34 38.66 15.45 
Mean 0.76 0.16 0.53 0.17 0.56 1.10 1.47 1.10 1.45 70.77 29.23 15.82 62.34 37.66 17.14 
(SD) (±.15) (±.04) (±.03) (±.03) (±.05) (±.08) (±.23) (±.06) (±.21) (±3.6) (±3.6) (±1.2) (±2.7) (±2.7) (±2.1) 
CV (%) 20 24 5 18 10 7 16 6 15 5 12 7 4 7 12 
Note: V: walking velocity, IL: intact limb, PL: prosthetic limb, W: width, Le: length, T: Time, DS: double support 
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The calculated SI for the spatio-temporal variables of amputees is shown in Table 4.6. Being 
the same as the non-amputee group, but with a better SI, the step width had a lower level 
of symmetry between the IL and PL. As was expected after observing the differences 
between the IL and PL’s stance and the swing duration, the average SI was higher for these 
variables too. The calculated SI for double support had larger amount for amputees number 
6, 7 and 8 which shows lower level of symmetry. 
Table 4.6 Symmetry Index of spatio-temporal variables of amputee participants 
during self-selected speed level walking without insoles 
 SI (%) 
Amputee 
Participants 
Step 
length 
Step 
width 
Stride 
Length  
Stance 
time  
Swing 
time  
Step 
DS  
Stride 
time  
1 0.00 33.33 2.60 14.43 26.31 8.28 2.41 
2 1.90 30.77 1.37 6.55 12.76 4.27 0.68 
3 18.80 4.88 0.00 9.61 17.24 7.28 0.00 
4 18.18 12.50 2.76 10.37 20.01 10.20 4.33 
5 14.55 0.00 0.00 21.97 39.12 3.62 0.00 
6 0.00 7.41 5.29 22.12 54.20 26.05 3.82 
7 5.31 18.18 0.89 7.24 14.97 0.58 0.70 
8 13.33 17.14 1.94 13.87 31.63 20.92 5.13 
9 0.00 12.50 0.00 7.46 15.43 11.10 0.00 
10 8.00 14.29 3.13 12.65 23.99 9.02 2.58 
Mean 8.01 15.10 1.80 12.63 25.57 10.13 1.96 
 
o Self-report level of function 
The mobility part of the prosthetic evaluation questionnaire (PEQ-M) and Activities-specific 
Balance Confidence (ABC) scale in the survey presented in Chapter 3 (respectively, 
questions 64-76 and 90-105, Appendix A) was utilized to evaluate the level of functionality 
of the amputee participants in biomechanical tests. The self-reported scores of 10 amputee 
participants in the biomechanical study given to the related questions and their total scores 
are presented in Table 4.7 and Table 4.8.  
The following categories were considered for PEQ-M score assessment: 0-<5 as weaker 
scores, 5 for a neutral score and >5-10 for better scores. The average PEQ-M score was 
7.03 (±1.5), which places it in the good level of mobility category.  
The lowest scores were for question number 71 (walking on a slippery surface, with score 
5.2±3), questions number 69 and 68 (walking down/up a steep hill, with scores respectively 
5.3±3.1 and 5.9±2.3), and highest scores were given to question number 64 (walking in 
general, with score 9±1.41), question number 65 (walking in a closed space, score 9±1.8) 
and question number 76 (safely taking a shower, score 8.9±1.6). The average score of 
seven amputee participants placed in the category of better scores (6-10), two in the neutral-
better category (scores between 5 and 6) and one amputee showed weak mobility scores 
(amputee number 8, with average scores less than 5). 
For assessment by ABC scale, the scores of >80, scores 50-80 and scores <50 indicate 
high level, moderate level and low levels of functioning, respectively (Powell and Myers, 
1995). The average score of the group was 70.5 (±13), which shows a moderate level of 
functioning and balance confidence. Very similar to the PEQ-M results, the lowest scores 
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were for questions related to walking on an icy pavement (Q105, score 3.7±3), stepping 
onto/off an escalator without holding the rail (Q103, score 6.5±3.7) and walking up/down a 
ramp (Q100, score 6.5±2.1). 
Table 4.7 The scores of amputee participants for PEQ-M questions (0 is the worst 
score versus the score 10 which represents the best score given to the ability of the 
person to perform mentioned activities in PEQ-M questionnaire) 
    Participants 
Abstract of Questions 
1 2 3 4 5 6 7 8 9 10 Mean 
(±SD) 
Walk (Q64) 10 8 10 10 10 8 10 6 8 10 9 
(1.41) 
Walk in Close Space 
(Q65) 
10 8 10 10 10 10 10 5 7 10 9 
(1.8) 
Walk Up Stairs (Q66) 7 6 6 6 9 6 5 4 6 10 6.5 
(1.8) 
Walk Down Stairs (Q67) 8 5 7 4 9 5 6 3 6 10 6.3 
(2.2) 
Walk Up a Steep Hill 
(Q68) 
6 5 5 4 8 7 7 2 5 10 5.9 
(2.3) 
Walk Down a Steep Hill 
(Q69) 
3 4 10 4 4 7 3 1 7 10 5.3 
(3.1) 
Walk On Pavements & 
Streets (Q70) 
8 7 8 6 8 9 9 5 8 10 7.8 
(1.5) 
Walk On Slippery 
Surface (Q71) 
5 4 8 4 3 4 9 0 5 10 5.2 
(3) 
Get in & Out a Car (Q72) 6 7 5 5 6 5 8 7 6 10 6.5 
(1.6) 
Sit Down & Get up from 
Chair (Q73) 
8 6 10 6 10 8 8 6 7 10 7.9 
(1.7) 
Sit Down & Get up from 
Low/Soft Chair (Q74) 
6 5 7 4 6 7 5 4 7 10 6.1 
(1.8) 
Sit Down & Get up from 
Toilet (Q75) 
7 5 9 6 6 7 7 5 8 10 7 
(1.5) 
Shower/Bathe Safely 
(Q76) 
10 6 10 6 10 10 9 9 9 10 8.9 
(1.6) 
Mean total score  7.23 5.85 8.08 5.77 7.62 7.15 7.38 4.38 6.85 10 7.03 
(1.5) 
 
4.3.2 Homogeneity of groups  
Levene’s Test for Equality of Variances indicated the two groups had about the same 
amounts of variability for the selected variables (p>0.05) during walking without insoles. 
Figure 4.7 and Figure 4.8 show box-plots of spatio-temporal variables for both groups. It 
shows the variability in each group was low. As was expected, amputee number 10 (with 
values near to non-amputees) and number 8 (with the lowest speed and level of 
functionality) in addition to non-amputee number 7 (who had the highest speed) and number 
5 (with the lowest speed) had several outlier values for some variables. As can be seen in 
Figure 4.7, the amputees number 6 and 8 had the longest IL stance and shortest swing 
time.
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Table 4.8 The scores of amputee participants to ABC scale questions (0 indicated no confidence and 10 completely confident to 
perform the activity) 
                   Participants 
Abstract of Questions 
1 2 3 4 5 6 7 8 9 10 Mean 
(±SD) 
Walking (Q90) 9 8 10 8 9 9 8 6 9 10 8.6 (1.2) 
Moving Up/Down Stairs (Q91) 6 5 10 5 5 7 8 4 8 10 6.8 (2.15) 
Bending & Pickup (Q92) 10 5 10 10 9 7 9 5 9 10 8.4 (2) 
Reaching an Object at Eyes-Level (Q93) 10 7 10 6 9 10 9 7 9 10 8.7 (1.5) 
Reaching an Object at Above-Head (Q94) 7 6 10 5 9 8 9 5 9 10 7.8 (1.9) 
Standing on Chair to Reach (Q95) 6 9 10 5 ND 5 8 4 8 ND 6.9 (3.5) 
Sweeping the Floor (Q96) 10 7 10 6 ND 7 9 7 8 10 8.2 (3) 
Walking Outside (Car-Parking) (Q97) 10 6 10 5 9 8 8 5 9 10 8 (2) 
Getting into/out Car (Q98) 10 7 10 8 9 6 8 7 9 10 8.4 (1.4) 
Walking Across Car-parking (Q99) 10 5 10 6 9 9 9 5 8 10 8.1 (2) 
Walking Up/Down Ramp (Q100) 7 5 9 6 6 8 6 3 5 10 6.5 (2.1) 
Walking in Crowd (Q101) 8 7 8 6 6 7 7 5 6 10 7 (1.4) 
Bumping into by People (walk in town) (Q102) 8 7 10 6 5 7 7 5 5 10 7 (1.9) 
Stepping onto/off Escalator (holding railing) (Q103) 9 10 10 8 9 ND 9 5 6 8 8.2 (3.1) 
Stepping onto/off Escalator (without holding railing) (Q104) 8 10  4 ND ND  4 5 8 6.5 (3.7) 
Walking in Icy Pavement (Q105) 4 4 6 2 2 ND 2 0 3 10 3.7 (3) 
Total score (sum of score/1.6) 82.5 67.5 89.4 60 60 61.25 72.5 48.12 72.5 91.2 70.5 (13) 
Level of function according to ABC scale categories High Mod. High Mod. Mod. Mod. Mod. Low Mod. High Mod. 
Note: ND= never do, Mod.: Moderate 
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Figure 4.7 The box-plot of stance, swing and double-support durations.  
The non-amputee participant number 5, with a speed of 0.87 m/s, was obese and had 
the highest BMI among non-amputee and amputee participants (37.52 kg/m2). It might 
be the reason for his lower speed of walking and shorter steps and stride. It was not 
surprising to observe a longer double support time for both sides of his step due to a 
lower speed. But these had not affected the symmetry of his walking. The fastest 
participant (number 7) had a normal BMI (23.9 kg/m2), with similarities in other variables 
with the group except the variables which impacted on the speed (i.e., shorter stride time 
and longer stride length). Non-amputee number 14 had the longest stride time. This may 
be a personal difference between him and the others. 
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Figure 4.8 Box-plot illustration of first nine spatio-tempral variables in Table 4.5.  
 
The high level of step width variability might be due to the assessment of only one step 
in a relatively short walking path for each limb instead of several strides in a long walking 
distance. Hence, in spite of the obvious difference between the amputees (with wider 
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steps) and non-amputees, the step width is not considered a suitable variable to assess 
the level of functionality and the effect of insoles in this study. 
 
4.3.3 Effect of insoles on walking 
4.3.3.1 Spatio-temporal variables of walking 
An independent sample t-test was conducted to compare the amputees’ and non-
amputees’ spatio-temporal variables. All the listed variables except stance and swing 
phase percentages for the PL of the amputee group were significantly different from the 
non-amputees during walking without insoles (Table 4.9). As can be seen the lower 
velocity of amputees in the without insoles session was associated with longer stride 
time and shorter stride and step lengths. In addition, they had wider steps and spent a 
longer time on their IL, while their PL stance phase was the same as non-amputees with 
both limbs.  
Table 4.10 and Table 4.11 show the spatio-temporal variables of the two groups during 
walking with insoles. The symmetry index of variables did not change significantly after 
insoles use. Levene’s Test for Equality of Variances revealed that the two groups had 
about the same amount of variability during walking with insoles (p>0.05), except for the 
R/IL stance (p=0.049) and R/IL swing (p=0.046). In fact, the variability of these variables 
increased for non-amputee participants. Table 4.12 shows the results of comparing two 
groups’ insoles session’s spatio-temporal variables. The results are similar to the without 
insoles session; however, the stance/swing phases of non-amputees became 
significantly longer (p=0.001)/shorter (p=0.003) than the amputees’ PL’s stance/swing 
phases. No significant effect of insoles was observed for most variables (p>0.05). It 
increased the length of stance of the non-amputees’ limbs and decreased the stance 
duration of PL of the amputees (p=0.002), which led to an increase in the swing phase 
of the PL (p=0.044).  
 
4.3.3.2 Kinematics 
4.3.3.2.1 COM and COP displacements 
Table 4.13 shows the mean amplitude of mediolateral COP displacement during each 
foot stance phase, in addition to the mediolateral and vertical displacement of the COM 
during one stride of IL/R and PL/L of amputees and non-amputees during walking without 
(S1) and with (S2) insoles. As is seen, the COM’s mediolateral displacement is largest 
for the IL of amputees and the vertical displacement is smallest for their PL. In addition, 
the COP mediolateral displacement is larger for both feet of the amputees.   
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Table 4.9 Comparison of Spatio temporal variables between amputee and non-amputee groups during without insoles walking 
 
Participants 
V (m/s) R/IL step L/PL step R/IL Stride L/PL stride R/IL Stance 
(%) 
R/IL 
Swing (%) 
R/IL DS 
(%) 
L/PL Stance 
(%) 
L/PL 
Swing (%) 
L/PL DS (%) 
W (m) Le (m) W (m) Le (m) Le (m) T (s) Le (m) T (s) 
Non-
Amputees 
1.101 0.091 0.681 0.101 0.651 1.321 1.212 1.351 1.233 63.721 36.281 13.884 63.29 36.71 13.735 
(±.14) (±.04) (±.05) (±.05) (±0.04) (±.07) (±.10) (±.09) (±.09) (±2.05) (±2.05) (±1.89) (±2.08) (±2.08) (±2.05) 
Amputees 0.76 0.161 0.531 0.171 0.561 1.101 1.472 1.101 1.453 70.771 29.231 15.824 62.34 37.66 17.145 
 
(±.15) (±.04) (±.03) (±.03) (±.05) (±.08) (±.23) (±.06) (±.21) (±3.6) (±3.6) (±1.2) (±2.7) (±2.7) (±2.1) 
Note: V: walking velocity, R/IL: right limb of non-amputees/Intact limb of amputees, L/PL: left limb of non-amputees/Prosthetic limb of amputees, W: width, Le: 
length, T: Time, DS: double support.  
Significant differences in comparing of amputees and non-amputees: 1 p<0.001, 2 p=0.002, 3 p=0.004, 4 p=0.008, 5 p=0.001 
 
Table 4.10 Spatio-temporal variables of non-amputee participants during self-selected speed level walking with insoles 
Non-
Amputee 
V 
(m/s) 
R step L step R Stride L stride R Stance 
(%)  
R Swing 
(%) 
R step DS 
(%)  
L Stance 
(%) 
L Swing 
(%) 
L step DS 
(%)  W (m) Le (m) W (m) Le (m) Le (m) T (s) Le (m) T (s) 
1 1.04 0.08 0.75 0.08 0.57 1.31 1.22 1.38 1.30 64.79 35.21 14.08 62.34 37.66 15.86 
2 1.17 0.06 0.67 0.10 0.64 1.31 1.12 1.33 1.13 63.68 36.32 13.43 62.46 37.54 14.31 
3 1.01 0.13 0.64 0.15 0.61 1.25 1.23 1.29 1.24 65.62 34.38 15.84 65.93 34.07 16.15 
4 0.96 0.07 0.66 0.13 0.57 1.23 1.29 1.30 1.32 65.45 34.55 15.68 66.06 33.94 17.51 
5 1.08 0.13 0.68 0.12 0.57 1.24 1.15 1.34 1.19 64.65 35.35 15.73 66.51 33.49 17.10 
6 1.09 0.14 0.67 0.18 0.61 1.28 1.18 1.35 1.19 65.64 34.36 16.00 66.52 33.48 16.75 
7 1.56 0.11 0.81 0.10 0.74 1.54 1.00 1.61 1.03 62.75 37.00 12.78 63.25 39.92 13.09 
8 1.22 0.05 0.72 0.04 0.69 1.41 1.17 1.40 1.17 63.97 36.03 14.30 65.15 34.85 15.08 
9 1.11 0.04© 0.66 0.03© 0.67 1.35 1.20 1.33 1.19 63.62 36.38 13.67 63.94 36.06 14.20 
10 1.19 0.13 0.67 0.07 0.66 1.33 1.14 1.36 1.14 65.11 34.89 14.15 63.78 36.22 14.81 
11 1.15 0.06 0.67 0.06 0.67 1.34 1.18 1.36 1.18 60.84 39.16 11.97 62.63 37.37 11.25 
12 1.08 0.07 0.63 0.10 0.68 1.33 1.23 1.31 1.22 65.97 34.03 16.47 66.12 33.88 15.89 
13 1.15 0.06 0.70 0.05 0.77 1.50 1.31 1.47 1.26 63.61 36.39 14.88 64.20 35.80 14.72 
14 1.00 0.03© 0.75 0.02© 0.68 1.43 1.44 1.47 1.48 62.93 37.07 13.34 63.45 36.55 14.12 
Mean 1.13 0.08 0.69 0.09 0.65 1.35 1.20 1.38 1.22 64.19 35.79 14.45 64.45 35.77 15.06 
(SD) 0.15 0.04 0.05 0.05 0.06 0.09 0.10 0.09 0.10 1.42 1.40 1.35 1.56 1.93 1.67 
CV (%) 13 44 7 54 10 7 9 6 9 2.21 3.91 9.37 2.42 5.40 11.09 
Note: ©: cat walking pattern, V: walking velocity, R: right limb, L: left limb, W: width, Le: length, T: Time, DS: double support 
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Table 4.11 Spatio-temporal variables of amputee participants during self-selected speed level walking with insoles  
Amputee 
Participant 
V 
(m/s) 
IL step PL step IL Stride PL stride IL Stance 
(%)  
IL Swing 
(%)  
IL step DS 
(%)  
PL Stance 
(%)  
PL Swing 
(%) 
PL step 
DS (%) W (m) Le (m) W (m) Le (m) Le (m) T (s) Le (m) T (s) 
1 0.88 0.11 0.59 0.14 0.55 1.15 1.30 1.13 1.29 69.23 30.77 15.83 60.28 39.72 15.47 
2 0.65 0.11 0.46 0.16 0.50 0.96 1.45 0.96 1.46 68.44 31.56 17.01 62.18 37.82 14.61 
3 0.86 0.20 0.56 0.21 0.66 1.20 1.41 1.22 1.40 67.97 32.03 14.14 60.20 39.80 14.73 
4 0.66 0.17 0.49 0.16 0.59 1.08 1.64 1.09 1.61 70.13 29.87 16.00 60.26 39.74 15.70 
5 0.64 0.25 0.48 0.25 0.54 1.00 1.50 1.25 1.52 75.70 24.30 17.44 58.90 41.10 16.24 
6 0.63 0.12 0.51 0.11 0.48 0.92 1.58 0.98 1.59 78.30 21.70 15.65 57.06 42.94 19.26 
7 0.72 0.12 0.54 0.17 0.55 1.08 1.49 1.12 1.47 70.15 29.85 17.39 64.58 35.42 16.45 
8 0.48 0.17 0.51 0.22 0.52 1.03 2.06 0.97 2.04 71.07 28.93 15.03 65.85 34.15 21.77 
9 1.00 0.15 0.56 0.17 0.55 1.11 1.14 1.14 1.12 68.95 31.05 12.21 58.37 41.63 15.04 
10 0.98 0.19 0.61 0.11 0.67 1.28 1.32 1.28 1.33 69.61 30.39 16.03 62.28 37.72 15.21 
Mean 0.75 0.16 0.53 0.17 0.56 1.08 1.49 1.11 1.48 70.96 29.05 15.67 61.00 39.00 16.45 
(SD) 0.17 0.05 0.05 0.05 0.06 0.11 0.25 0.11 0.24 3.36 3.36 1.59 2.75 2.75 2.30 
CV (%) 23 29 9 28 11 10 17 10 16 4.74 11.58 10.17 4.51 7.05 13.99 
Note: V: walking velocity, IL: intact limb, PL: prosthetic limb, W: width, Le: length, T: Time, DS: double support 
 
 
Table 4.12 Comparison of Spatio temporal variables between amputee and non-amputee groups during insoles walking 
 
Participants 
V (m/s) R/IL step L/PL step R/IL Stride L/PL stride R/IL Stance 
(%) 
R/IL 
Swing (%) 
R/IL DS 
(%) 
L/PL Stance 
(%) 
L/PL 
Swing (%) 
L/PL DS (%) 
W (m) Le (m) W (m) Le (m) Le (m) T (s) Le (m) T (s) 
Non-
Amputees 
1.131 0.081 0.691 0.091 0.652 1.351 1.203 1.381 1.223 64.191 35.791 14.45 64.453 35.774 15.06 
(±.15) (±.04) (±.05) (±.05) (±0.06) (±.09) (±.10) (±.09) (±.10) (±1.42) (±1.40) (±1.35) (±1.56) (±1.93) (±1.67) 
Amputees 0.751 0.161 0.531 0.171 0.562 1.081 1.493 1.111 1.483 70.961 29.051 15.67 61.003 39.004 16.45 
 (±.17) (±.05) (±.05) (±.05) (±.06) (±.11) (±.25) (±.11) (±.24) (±3.36) (±3.36) (±1.59) (±2.75) (±2.75) (±2.3) 
Note: V: walking velocity, R/IL: right limb of non-amputees/Intact limb of amputees, L/PL: left limb of non-amputees/Prosthetic limb of amputees, W: width, Le: 
length, T: Time, DS: double support.  
Significant differences in comparing of amputees and non-amputees: 1 p<0.001, 2 p=0.002, 3 p=0.001, 4 p=0.003 
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Table 4.13 Amplitude of COM and COP displacements  
 
Limb/Test 
condition 
Amplitude of displacements (m) 
COM Vertical COM Mediolateral 
Mediolateral 
COP 
stance swing stride stance swing stride stance 
A
m
p
u
te
e
s
 (
1
0
) IL-S1  
0.038 
(±0.005) 
0.016 
(±0.004) 
0.039 
(±0.005) 
0.066 
(±0.018) 
0.022 
(±0.006) 
0.079 
(±0.021) 
0.056 
(±0.018) 
IL-S2  
0.037 
(±0.005) 
0.017 
(±0.008) 
0.039 
(±0.006) 
0.067 
(±0.019) 
0.02 
(±0.008) 
0.08 
(±0.024) 
0.056 
(±0.015) 
PL-S1  
0.027 
(±0.004) 
0.029 
(±0.018) 
0.038 
(±0.005) 
0.059 
(±0.018) 
0.021 
(±0.008) 
0.076 
(±0.022) 
0.04 
(±0.013) 
PL-S2  
0.026 
(±0.005) 
0.03 
(±0.006) 
0.038 
(±0.007) 
0.061 
(±0.018) 
0.024 
(±0.007) 
0.079 
(±0.018) 
0.04 
(±0.016) 
N
o
n
-A
m
p
u
te
e
s
 
(1
4
) 
RL-S1  
0.034 
(±0.006) 
0.029 
(±0.004) 
0.036 
(±0.005) 
0.039 
(±0.017) 
0.015 
(±0.006) 
0.040 
(±0.018) 
0.049 
(±0.02) 
RL-S2  
0.036 
(±0.007) 
0.032 
(±0.004) 
0.039 
(±0.006) 
0.038 
(±0.011) 
0.014 
(±0.005) 
0.038 
(±0.015) 
0.046 
(±0.019) 
LL-S1  
0.034 
(±0.004) 
0.028 
(±0.008) 
0.036 
(±0.005) 
0.034 
(±0.016) 
0.013 
(±0.004) 
0.036 
(±0.015) 
0.048 
(±0.022) 
LL-S2  
0.037 
(±0.005) 
0.028 
(±0.008) 
0.038 
(±0.005) 
0.032 
(±0.011) 
0.012 
(±0.003) 
0.035 
(±0.012) 
0.047 
(±0.018) 
S1: without insoles, S2: with insoles, RL/IL: right limb/Intact limb, LL/PL: left limb/Prosthetic limb 
 
Figure 4.9 shows the pattern of the COM’s vertical and lateral displacements (normalised 
to a progression line) during one stride which depicts Table 4.13 data. The COM is in its 
lowest position during the initial and terminal stance (double support phase), while it is 
at its highest position at mid-stance and mid-swing (single support phase). Non-
amputees have an almost symmetrical COM vertical displacement, as opposed to 
amputees. The COM height asymmetrically decreases during the swing of the IL, which 
is matched with a single support of PL stance phase, and vice versa - it is rising during 
the swing phase of the PL. In addition, the increased mediolateral displacement is 
observed. Figure 4.9-B displays obvious differences between amputees and non-
amputees in terms of the COM mediolateral displacement. The peak of the mediolateral 
displacement corresponds to the peak of the COM vertical displacement at mid-stance.  
The statistical test (mixed between-within subjects ANOVA) showed a significant 
difference existing between limbs COP mediolateral displacement (p=0.032), which was 
due to the significantly larger displacement of amputees’ IL and smaller displacement for 
PL.  
The amplitude of the COM vertical displacement was not significantly different between 
each limb and insoles conditions. But, as was expected from the related graph and table, 
the amplitude of the COM vertical displacement during the stance of the IL and non-
amputees’ limbs was significantly larger than the PL’s displacement (p<0.001). The 
displacement during the swing of the IL was smaller than the PL (p<0.001) and the non-
amputees’ swing (p<0.001). The mediolateral displacement of the COM during both 
limbs’ strides of the amputees was larger than in the non-amputees (p<0.001), which 
corresponds to the significant differences during stance phase (p<0.001) and swing 
phase displacements (p<0.001) between the two groups.  
The insoles use did not have any significant effect on the variables (p>0.05). 
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A 
  
B 
 
Figure 4.9 Average vertical (A) and mediolateral (B) displacements of COM of amputee and non-amputee groups (time normalised to 
100% of gait cycle, the perpendicular lines indicate the end of stance phase) during with insoles (S1) and without insoles (S2) walking
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4.3.3.2.2 Relationship between COP/COM and the lateral borders of the base of 
support at late mid-stance 
The distance between the COG and COP points and the lateral border of the BOS were 
calculated by using Equation 4.2. The average (±SD) of the calculated distances for both 
groups and insoles’ sessions are presented in Table 4.14.  
Table 4.14 Distance between COM and COP with the lateral border of BOS at mid-
stance  
 
 
 
COG-Lateral border 
of BOS (m) 
COP- Lateral border 
of BOS (m) 
A
m
p
u
te
e
s
 
(1
0
) 
IL-S1   0.112 (±0.018) 0.039 (±0.005) 
IL-S2   0.107 (±0.021) 0.036 (±0.01) 
PL-S1   0.126 (±0.015) 0.04 (±0.007) 
PL-S2   0.131 (±0.023) 0.043 (±0.008) 
N
o
n
-
A
m
p
u
te
e
s
 
(1
4
) 
RL-S1   0.098 (±0.021) 0.039 (±0.011) 
RL-S2   0.102 (±0.02) 0.043 (±0.01) 
LL-S1   0.095 (±0.01) 0.035 (±0.01) 
LL-S2   0.093 (±0.01) 0.036 (±0.008) 
S1: without insoles, S2: with insoles, RL/IL: right limb/Intact limb, LL/PL: left 
limb/Prosthetic limb 
 
 
The statistical analysis revealed that the amputees’ COG is at a greater distance with 
the lateral border of the BOS at mid-stance. The distribution of the COG-BOS border 
distance was normal (Shapiro-Wilk test, P>0.05), except for the distance of the COG and 
the lateral border of the prosthetic BOS with insoles (p=0.02). A significant difference 
between the groups’ COG-BOS border distances was seen (p=0.007), which was likely 
due to the significant differences between the distance for both limbs of the amputees in 
comparison with the non-amputees (p=0.001). The insoles use did not have any 
significant effect on the value (p>0.05). 
 
4.3.3.2.3 Ankle angles 
The ankle joint range of motion for the right and left limbs in the sagittal plane during 
stance and swing phases might be affected by insoles use during amputees and non-
amputees walking. Table 4.15 represents the range of motion of the ankle joint in the 
sagittal plane during one gait cycle, the range of motion during stance and swing phases, 
the peak of the plantar flexion at initial stance, and the peak of the dorsi-flexion at the 
end of stance. The patterns of the ankle joint motion during one stride of each limb are 
illustrated in Figure 4.10. The main motion of the ankle joint (as the articulation between 
tibia, fibula and talus bones) occurs in the sagittal plane in the form of plantar flexion 
(extension of the foot) and dorsi-flexion (flexion of the foot). The motion in the coronal 
plane occurs between the talus and calcaneus but is seen in the motion analysis of the 
ankle joint. The motions of the ankle in the coronal plane are inversion or adduction 
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(leading to a tilt of the foot palmar surface toward the midline of the body) and eversion 
or abduction (results in a tilt of the foot palmar surface away from the midline of the body). 
Table 4.15 Participants’ ankle angle changes in the sagittal plane during one gait 
cycle  
 
 
Flex/Extention (Deg)  
Total stance swing IS PL TS DF    
A
m
p
u
te
e
s
 (
1
0
) IL-S1  
26.2 
(±5.8) 
24.3 
(±4.6) 
20.8 
(±9.6) 
10.5 
(±3.2) 
7 
 (±5)  
  
IL-S2  
26.2 
(±5.6) 
23.3 
(±6.3) 
21.3 
(±7.9) 
10.7 
(±2.7) 
8.4 
(±4.2)  
  
PL-S1  
18.4 
(±4.1) 
18.4 
(±4.1) 
3.8 
(±2.5) 
9.9 
(±4.4) 
8.5 
(±2.2)  
  
PL-S2  
18.1 
(±4.4) 
18.1 
(±4.4) 
4.6 
(±2.7) 
8.5 
(±3.9) 
9.6 
(±3.6)  
  
N
o
n
-A
m
p
u
te
e
s
 
(1
4
) 
RL-S1  
27 
(±5.4) 
23 
(±4.1) 
16.8 
(±5.3) 
8.2 
(±3) 
12.5 
(±3.2)  
  
RL-S2  
27.45 
(±5.7) 
25.6 
(±4.8) 
16.6 
(±5.5) 
9.4 
(±2.4) 
12.9 
(±3.5)  
  
LL-S1  
28.3 
(±6.3) 
24.2 
(±3.3) 
18.2 
(±5.7) 
8.2 
(±5.7) 
12.9 
(±4.8)  
  
LL-S2  
27.9 
(±4.95) 
25.65 
(±3.9) 
17.5 
(±5.2) 
9.9 
(±2) 
12.4 
(±4.8)  
  
S1: without insoles, S2: with insoles, IS: Initial stance, PL: plantar-flexion, TS: Terminal stance, DF: 
Dorsi-flexion, RL/IL: right limb/Intact limb, LL/PL: left limb/Prosthetic limb 
 
 
  
A 
  
B 
Figure 4.10 Ankle’s range motion in sagittal plane (-ve for plantar-flexion and +ve 
for dorsi-flexion) during with insoles (S1) and without insoles (S2) walking  
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As seen in Figure 4.10, the ankle of the IL of amputees and both limbs of the non-
amputees follows the typical pattern of motion in the sagittal plane, as mentioned in the 
normal gait section (Chapter 2): it is in an almost neutral position at initial contact. Then, 
it plantar-flexes to bring the foot to the ground. The shank moves forward on the foot 
during mid-stance, then dorsi-flexion occurs. However, in Figure 4.10, it can be seen that 
the IL ankle of the amputees has a prolonged plantar flexion, and changes toward dorsi-
flexion with delay. This remaining in plantar flexion for a longer time results in a vaulting 
gait, which is common among above-knee prosthesis users during their IL stance 
(Drevelle et al., 2014). During terminal stance, the foot goes to heel raise and the ankle 
gradually plantar-flexes. It reaches its maximum plantar flexion angle almost at the end 
of the stance and the initiation of the swing. During the swing, the ankle joint needs to 
dorsi-flex to prevent the toe hitting the ground (toe clearance). But its dorsi-flexion 
decreases to reach a neutral position for the next initial contact. Figure 4.10 shows the 
range of motion of the PL is limited and smaller than the IL’s ROM. However, the 
prosthetic foot-ankle had a similar plantar flexion at initial stance and dorsi-flexion in 
terminal stance. As ankle-foot devices are not an active part of the PL, it is not surprising 
to see they have been aligned to a fixed small dorsi-flexion by prosthetists to help toe 
clearance during the swing phase of the PL.  
There was a significant difference between the limbs’ ankle range of motion in the sagittal 
plane (p=0.007), which was due to the significantly smaller prosthetic ankle-foot range 
of motion. The insoles use did not have a significant effect on the value (p>0.05). 
Unsurprisingly, similar significant differences existed between the sagittal plane range of 
motion of the prosthetic device and the ILs in stance phase (p=0.009), in addition to the 
swing phase (p<0.001). There was a significant increase in the stance range for the non-
amputees after using insoles (p=0.008) for the right and left limb (p=0.005). No significant 
difference was observed between the magnitude of plantar flexion during the initial 
stance of limbs in either groups or insoles sessions (p>0.05). But the dorsi-flexion angle 
in the terminal stance was significantly larger for non-amputee feet (p=0.008). Insoles 
use did not affect significantly (p>0.05).  
 
4.3.3.3 Kinetics 
4.3.3.3.1 Loading Rate 
The force loading rate as an indicator of force impact at initial contact was extracted from 
the vertical force data during each limb stance. The amount of the calculated loading 
rate is shown in Table 4.16. 
The loading rate of the PL was significantly lower than of the IL, and for the non-
amputees with both limbs and for all three time-points (p<0.05). In addition, the insoles 
use for the intact side did not influence the loading rate. But the insoles effect in the form 
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of reducing the loading rate was observed in the results of the 3rd method for the non-
amputee group (p=0.014 for right and p=0.043 for left limbs). 
Table 4.16 Initial stance loading rate 
 
Limb/Test 
condition 
Loading rate (N/s.kg) 
Time-point1 Time-point2 Time-point3 
A
m
p
u
te
e
s
 (
1
0
) IL-S1  
72.35 
(±13.04) 
90.89 
(±33.52) 
76.68 
(±26.62) 
IL-S2  
78.28 
(±27.98) 
82.81 
(±38.01) 
67.21 
(±30.69) 
PL-S1  
47.34 
(±15.55) 
41.8 
(±27.39) 
40.89 
 (±14.66) 
PL-S2  
49.15 
(±20.83) 
39.69 
(±21.71) 
41.47 
(±21.65) 
N
o
n
-A
m
p
u
te
e
s
 
(1
4
) 
RL-S1  
81.37 
(±22.7) 
95.74 
(±49.78) 
99.54 
(±48.12) 
RL-S2  
75.98 
(±23.3) 
81.30 
(±33.21) 
70.39 
(±42.25) 
LL-S1  
74.47 
(±19.45) 
92.64 
(±45.23) 
80.65 
(±43.97) 
LL-S2  
71.86 
(±20.67) 
74.27 
(±28.84) 
60.94 
(±32.39) 
S1: without insoles, S2: with insoles, RL/IL: right limb/Intact limb, LL/PL: 
left limb/Prosthetic limb 
 
As it is apparent in the profile of the vertical force (Figure 4.11), both limbs of non-
amputees and the IL of amputees have a sharper slop for their initial change after heel 
strike than in the PL of amputees, which corresponds with the higher loading rate results. 
In addition, the forces profile displays smaller peaks for both limbs of the amputees group 
in comparison to the non-amputees (less than 10 N/kg as the force equal to body weight). 
Furthermore, the force of the IL of the amputees did not have a single narrow mid-stance 
dip in comparison to the amputees due to vaulting on it. The maximum points and the 
depth of the GRF’s dip are related to the speed, the ability of the limb to bear weight 
properly and a strong push-off (Richards, 2008). The depth was smaller for the PL of 
amputees, which might be due to their feeling of insecurity about the limb, besides their 
lower speed. Furthermore, the smaller peaks of the GRF of amputees show their weaker 
push-off.  
4.3.3.3.2 Joint moments 
The calculated internal moments at ankle, knee and hip joints in the sagittal plane as 
interpreters of muscle activities are of interest to evaluate the effect of insoles use in this 
study. Moments are normalized to the bodyweight of the participants.  
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A 
 
B 
Figure 4.11 Changes of vertical GRF during with insoles (S1) and without insoles 
(S2) walking, A: Non-Amputees, B: Amputees 
 
Peaks of ankle moment in the sagittal plane are shown in Table 4.17, which show larger 
dorsi-flexor moments and smaller plantar-flexor moments for amputees in both limbs in 
comparison to non-amputees. Figure 4.12-a1 and -b1 also illustrate the pattern of ankle 
moment changes for the two groups. The overall pattern is similar for all four limbs: it has 
a small dorsi-flexor moment at initial stance which changes to a big plantar-flexor a 
moment before the terminal stance. However, the prosthetic moment remained positive 
(dorsi-flexor) for a longer time (more than 1/3 of the stance) and its maximum plantar-
flexor moment is the smallest in the groups. In addition, there is a notable hump on the 
plantar-flexor moment graph of amputees’ IL during mid-stance, which is an indicator of 
the vaulting of amputees on their IL stance (Drevelle et al., 2014).  
The statistical analysis showed the plantar-flexor moment of the PL was smaller than the 
IL (p<0.001) and non-amputees limb (p<0.001). Compared to the moment in insoles 
conditions, its magnitude is reduced after insoles use (p=0.006). But its dorsi-flexor 
moment at initial stance did not have any significant differences to the IL (p=0.744) and 
to non-amputees (p=0.368). The IL displayed a smaller plantar-flexor moment in 
117 
 
comparison to the non-amputees in both insoles conditions (S1: p=0.028, S2: p=0.007). 
In addition, its magnitude decreased after insoles use (p<0.001). But its dorsi-flexor 
moment was not significantly different from the non-amputees’ limbs (p=0.086). 
However, the differences between the limbs’ dorsi-flexor moments after insoles use 
increased (p=0.028), but the insoles had no significant effect on its magnitude in 
comparison to the without insoles condition (p=0.82).  
Table 4.17 Ankle moment in sagittal plane during one gait cycle  
  Flex/extensor Ankle Joint Moment (N.m/kg) 
Dorsi-flexor Plantar-flexor 
A
m
p
u
te
e
s
 
(1
0
) 
IL-S1  0.24 (±0.06) 1.30 (±0.14) 
IL-S2  0.29 (±0.08) 1.26 (±0.15) 
PL-S1  0.23 (±0.08) 1.05 (±0.20) 
PL-S2  0.22 (±0.07) 0.99 (±0.21) 
N
o
n
-
A
m
p
u
te
e
s
 
(1
4
) 
RL-S1  0.19 (±0.06) 1.43 (±0.13) 
RL-S2  0.21 (±0.07) 1.44 (±0.13) 
LL-S1  0.20 (±0.06) 1.43 (±0.17) 
LL-S2  0.21 (±0.05) 1.43 (±0.12) 
S1: without insoles, S2: with insoles, RL/IL: right limb/Intact limb, LL/PL: 
left limb/Prosthetic limb 
 
Table 4.18 displays the peaks of knee moment for all groups/limbs/insoles conditions. 
As was mentioned in the normal gait section (Chapter 2), two extensor peaks (K1 and 
K3 at weight acceptance and push-off, respectively) and two flexor peaks (K2 and K4 
during mid-stance and terminal swing, respectively) are important peaks of knee moment 
in the sagittal plane during each gait cycle. As can be seen in Figure 4.12-a2 and –b2, 
the pattern of knee moment for the IL of the amputees and both limbs of the non-
amputees is similar, but with smaller peaks for the amputees. The shape for the IL and 
non-amputees’ limbs follows more or less the subsequent stages of moment change as 
was described in the normal gait section (Chapter 2). But, the moment for the PL seems 
smaller, except for K2 (the flexor moment before terminal, which is produced by the 
extensor assistant mechanism of the prosthetic knee) and its swing flexor moment (K4) 
is near to zero due to the lack of flexor muscles.  
The statistical analysis found a significant difference in K1 between the PL and non-
amputees (p<0.008), K2 between the IL and non-amputees during the without insole 
session (p=0.03), and K4 between the IL of amputees, in addition to the non-amputees’ 
limbs and PL (p<0.001). The changes due to insoles use were very small and 
insignificant (p>0.05). 
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Figure 4.12 Non-amputees (a) and amputees (b) both lower limb joints moments in sagittal plane (+ve for extension and -ve for flexion, the 
perpendicular lines show end of stance phase) during with insoles (S1) and without insoles (S2) walking 
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Table 4.18 Knee moment in the sagittal plane during one gait cycle  
  Flex/extensor Knee Joint Moment (N.m/kg) 
K1 K2 K3 K4 
A
m
p
u
te
e
s
 (
1
0
) IL-S1  
0.32 
(±0.22) 
-0.29 
(±0.15) 
0.22 
(±0.20) 
-0.23 
(±0.11) 
IL-S2  
-0.37 
(±0.16) 
-0.23 
(±0.13) 
0.19 
(±0.15) 
-0.22 
(±0.07) 
PL-S1  
0.22 
(±0.20) 
-0.22 
(±0.20) 
0.12 
(±0.08) 
-0.05 
(±0.04) 
PL-S2  
0.22 
(±0.19) 
-0.20 
(±0.21) 
0.10 
(±0.06) 
-0.04 
(±0.02) 
N
o
n
-A
m
p
u
te
e
s
 
(1
4
) 
RL-S1  
-0.56 
(±0.35) 
-0.17 
(±0.11) 
0.16 
(±0.11) 
-0.23 
(±0.06) 
RL-S2  
0.57 
(±0.33) 
-0.17 
(±0.17) 
0.19 
(±0.14) 
-0.24 
(±0.05) 
LL-S1  
0.50 
(±0.27) 
-0.15 
(±0.11) 
0.18 
(±0.12) 
-0.23 
(±0.04) 
LL-S2  
0.57 
(±0.28) 
-0.10 
(±0.13) 
0.26 
(±0.17) 
-0.24 
(±0.04) 
S1: without insoles, S2: with insoles, RL/IL: right limb/Intact limb, LL/PL: left 
limb/Prosthetic limb, +ve is extensor moment and -ve is flexor moment 
 
Figure 4.12-a3 and –b3 demonstrate the pattern of the hip moment changes for the two 
groups. The pattern for the IL and non-amputees’ limbs follows the hip moment changes 
as mentioned in the normal gait section (Chapter 2). In spite of the similarity of the pattern 
of hip moment change with the non-amputees’ limbs, the intact hip has a smaller terminal 
stance flexor moment (H2). Contrary to the flexor moment (H2) of the amputated limb, 
which is larger than the IL and close to the magnitude of the non-amputees’ H2, its first 
extensor moment (H1) is very small. The first (H1), second (H3) extensor and the flexor 
(H2) moments are shown in Table 4.19. H2 for both limbs of the amputees and H1 for 
the residual limb are smaller than the same moment of non-amputees’ limbs. But H3 for 
the IL has almost the same magnitude of H3 for non-amputees. It seems the hip flexor 
moment of non-amputees has a tiny increase after using insoles.  
Table 4.19 Hip moment in the sagittal plane during one gait cycle  
 Flex/extensor Hip Joint Moment (N.m/kg) 
H1 H2 H3 
A
m
p
u
te
e
s
 (
1
0
) IL-S1  
0.70 
(±0.28) 
-0.41 
(±0.20) 
0.22 
(±0.13) 
IL-S2  
0.75 
(±0.28) 
-0.41 
(±0.20) 
0.26 
(±0.12) 
PL-S1  
0.37 
(±0.12) 
-0.54 
(±0.25) 
0.12 
(±0.08) 
PL-S2  
0.29 
(±0.15) 
-0.53 
(±0.22) 
0.09 
(±0.05) 
N
o
n
-A
m
p
u
te
e
s
 
(1
4
) 
RL-S1  
0.81 
(±0.23) 
-0.60 
(±0.31) 
0.21 
(±0.06) 
RL-S2  
-0.81 
(±0.20) 
-0.61 
(±0.23) 
0.21 
(±0.07) 
LL-S1  
0.77 
(±0.19) 
-0.68 
(±0.19) 
0.18 
(±0.11) 
LL-S2  
0.76 
(±0.19) 
-0.74 
(±0.28) 
0.20 
(±0.07) 
S1: without insoles, S2: with insoles, RL/IL: right limb/Intact limb, LL/PL: 
left limb/Prosthetic limb, +ve is extensor moment and -ve is flexor moment 
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The first extensor hip moment was significantly different between limbs and groups 
(p<0.001). H1 for the IL was smaller than in non-amputees (p=0.02), while the 
differences between the residual limb and both the IL (p=0.002)/non-amputees’ limbs 
(p<0.001) was larger. However, after using insoles, a significant difference was observed 
between the non-amputees’ left limb and IL (p=0.004), and close to significant with the 
amputated limb (p=0.054). H2 (end stance’s flexor moment) was smallest for the IL of 
amputees, with significant differences with the residual limb (p=0.04) and non-amputees 
(p=0.034). The difference with non-amputees increased a little after insoles use 
(p=0.001). The differences of H3 between the non-amputees’ limbs and IL was not 
significant (p>0.05). But the difference was significant between the amputated limb and 
IL (p=0.042), in addition to non-amputees’ limbs (p<0.001). No significant differences 
were observed between with and without insoles sessions (p>0.05). 
 
4.3.3.3.3 Joint powers 
The calculated joints powers at the ankle, knee and hip joints as indicators of muscle 
activities are of interest when evaluating the effect of insoles use in this study. The 
powers are normalized to the bodyweight of the participants.  
The first and second ankle power peaks for limbs/groups/insoles conditions are noted in 
Table 4.20. Figure 4.13-a1 and b1 depict the changes of ankle joint power during one 
stride of each limb for both groups and insoles conditions. The non-amputees’ graphs 
correspond to the pattern described in the normal gait section (Chapter 2). As is seen in 
the table and figure, the absorbed and generated powers of the prosthetic device are 
very small due to the lack of plantar-flexor muscles and the inability of the prosthesis 
structure to compensate for this absence completely.  
Table 4.20 Ankle joint power during one gait cycle  
 Ankle Joint Power (W/kg) 
AP1 AP2 
A
m
p
u
te
e
s
 (
1
0
) IL-S1  
-0.65 
(±0.27) 
+2.22 
(±1.43) 
IL-S2  
-0.63 
(±0.22) 
+2.12 
(±0.87) 
PL-S1  
-0.50 
(±0.28) 
+0.37 
(±0.23) 
PL-S2  
-0.46 
(±0.23) 
+0.34 
(±0.24) 
N
o
n
-A
m
p
u
te
e
s
 
(1
4
) 
RL-S1  
-0.94 
(±0.32) 
+2.38 
(±0.66) 
RL-S2  
-1.12 
(±0.36) 
+2.47 
(±0.74) 
LL-S1  
-0.96 
(±0.38) 
+2.41 
(±0.47) 
LL-S2  
-0.98 
(±0.48) 
+2.62 
(±0.67) 
S1: without insoles, S2: with insoles, RL/IL: right limb/Intact limb, LL/PL: left 
limb/Prosthetic limb, -ve are for power absorption and +ve for power generation 
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Figure 4.13 Non-amputees (a) and amputees (b) both lower limb joints power (-ve for power absorption and +ve for power generation, the 
perpendicular lines show the end of stance phase) during with insoles (S1) and without insoles (S2) walking 
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There was a significant difference between the AP1 of non-amputees’ limbs and the IL 
(S1: p=0.02 and S2: p=0.001) and PL (p<0.005). The differences of two amputees’ limbs 
with regard to AP1 was non-significant (p>0.1). No significant difference was seen when 
comparing the non-amputees’ AP2 with the IL (S1: p=0.713, S2: p=0.301), while the AP2 
of the PL was smaller than the IL (p=0.002) and non-amputees’ limbs (p<0.001). The 
insoles use, except for AP1 of the non-amputee’s right limb (p=0.05), did not lead to any 
differences in the ankle power variables. 
The average knee power changes during one gait cycle for the limbs/groups/insoles 
condition has been illustrated in Figure 4.13-a2 and b2. No power generation was 
observed for the prosthetic knee, and there was only a small power absorption in the 
terminal stance, which is due to the extensor stop mechanism of the prosthetic knee. 
The initial stance’s power absorption and the mid-stance power generation of the IL’s 
knee are also very small (almost half of that of the non-amputees). Table 4.21 shows the 
peaks of knee power; the KP3 measurements, in particular, are highly variable.  
Table 4.21 Knee joint power during one gait cycle  
  Knee Joint Power (W/kg) 
KP1 KP2 KP3 KP4 
A
m
p
u
te
e
s
 (
1
0
) IL-S1  
-0.37 
(±0.24) 
+0.38 
(±0.27) 
-1.03 
(±1.34) 
-0.75 
(±0.43) 
IL-S2  
-0.28 
(±0.21) 
+0.27 
(±0.17) 
-0.75 
(±0.81) 
-0.79 
(±0.44) 
PL-S1  
-0.07 
(±0.10) 
+0.06 
(±0.1) 
-0.64 
(±0.61) 
-0.07 
(±0.06) 
PL-S2  
-0.1 
(±0.15) 
+0.07 
(±0.08) 
-0.61 
(±0.58) 
0.07 
(±0.06) 
N
o
n
-A
m
p
u
te
e
s
 
(1
4
) 
RL-S1  
-0.62 
(±0.6) 
+0.67 
(±0.5) 
-0.83 
(±0.59) 
-0.94 
(±0.33) 
RL-S2  
-0.67 
(±0.73) 
+0.77 
(±0.47) 
-1.12 
(±0.87) 
-1.01 
(±0.32) 
LL-S1  
-0.58 
(±0.42) 
+0.61 
(±0.42) 
-1.03 
(±0.51) 
-0.99 
(±0.34) 
LL-S2  
-0.56 
(±0.53) 
+0.68 
(±0.39) 
-1.49 
(±1.08) 
-1.09 
(±0.34) 
S1: without insoles, S2: with insoles, RL/IL: right limb/Intact limb, LL/PL: left 
limb/Prosthetic limb, -ve are for power absorption and +ve for power generation 
 
The statistical analysis also shows significant differences between all power peaks of the 
PL and both non-amputees’ limbs and the IL (p<0.01) except for KP3 (p>0.05). The 
difference between the IL and non-amputees’ limbs, in addition to the insoles effect, were 
non-significant (p>0.05).  
Figure 4.13-a3 and b3 display the average hip power changes during one gait cycle for 
limbs/groups/insoles conditions. The general pattern is similar for all limbs, which follows 
the typical change of hip power presented in the normal gait section (Chapter 2). 
However, the magnitude of peaks varies among limbs of amputees and non-amputees. 
The magnitude of two absorbed and one generated powers are shown in Table 4.22. 
The first power generation (HP1) is largest for the IL and smallest for the PL of amputees. 
While, in contrast, the residual limb represented the largest hip power absorption (HP2) 
and the IL had its smallest magnitude. HP3 was larger than HP1 for all limbs in the 
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without insoles session. However, the magnitude of HP1 increased and HP3 decreased 
after insoles use in both limbs of the amputees.  
Table 4.22 Hip joint power during one gait cycle  
  Hip Joint Power (W/kg) 
HP1 HP2 HP3 
A
m
p
u
te
e
s
 (
1
0
) IL-S1  
+0.82 
(±0.32) 
-0.17 
(±0.16) 
+0.89 
(±0.53) 
IL-S2  
+0.84 
(±0.3) 
-0.15 
(±0.15) 
+0.69 
(±0.34) 
PL-S1  
+0.33 
(±0.19) 
-0.43 
(±0.21) 
+0.53 
(±0.41) 
PL-S2  
+0.58 
(±0.37) 
-0.42 
(±0.11) 
+0.47 
(±0.4) 
N
o
n
-A
m
p
u
te
e
s
 
(1
4
) 
RL-S1  
+0.52 
(±0.24) 
-0.31 
(±0.16) 
+0.73 
(±0.21) 
RL-S2  
+0.52 
(±0.28) 
-0.36 
(±0.12) 
+0.83 
(±0.42) 
LL-S1  
+0.54 
(±0.29) 
-0.36 
(±0.16) 
+0.85 
(±0.16) 
LL-S2  
+0.58 
(±0.37) 
-0.42 
(±0.19) 
+1.14 
(±0.62) 
S1: without insoles, S2: with insoles, RL/IL: right limb/Intact limb, 
LL/PL: left limb/Prosthetic limb, -ve is for power absorption and +ve 
for power generation 
 
The statistical analysis also shows significant differences between all hip power peaks 
of the IL and residual limbs in both insoles sessions: HP1/S1 and S2 (p<0.001); HP2/S1 
(p=0.002) and HP2/s2 (p=0.001); HP3/S1 (p=0.026) and HP3/S2 (p=0.045). HP1 of the 
IL was significantly larger than its value for non-amputees (ps1=0.017, ps2=0.015) and its 
HP2 was smaller (ps1=0.034, ps2=0.001). The difference between non-amputees’ limbs 
and the residual limb alone was significant for HP3 (ps1=0.016, ps2=0.007). The 
differences between the right and left HP3 of non-amputees was significant in both 
insoles sessions (ps1=0.038, ps2=0.005). However, the differences between the insoles 
sessions for none of the limbs was significant.  
 
4.3.4 Insoles qualitative evaluation 
All participants were asked to continue using the insoles after the biomechanical tests 
and to fill in a short evaluation form (Table 4.23) after four weeks. The feedback form 
was inspired by the Orthotics and Prosthetics Users’ Survey (OPUS) ((Heinemann et al., 
2003)), and it was used to check insoles fit, comfort of use, the presence of any 
abrasions/soreness/pain, and any positive effects, such as the feet feeling less tired. It 
is beneficial to remember that the patients who use orthotic devices, such as insoles, are 
not firmly dependent on their device in their daily activities and, normally, are prescribed 
with them for only a limited time. Therefore, orthotic patients will easily reject a device if 
it disturbs them and they are satisfied with it ((Peaco et al., 2011)). Uncomfortable insoles 
also influence their performance (Che et al., 1994).  
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Table 4.23 Qualitative evaluation of the insoles 
 
P
a
rt
ic
ip
a
n
ts
 
S
tr
o
n
g
ly
 
A
g
re
e
 
A
g
re
e
 
N
e
it
h
e
r 
A
g
re
e
/ 
N
o
r 
D
is
a
g
re
e
 
D
is
a
g
re
e
 
S
tr
o
n
g
ly
 
D
is
a
g
re
e
 
D
o
 n
o
t 
k
n
o
w
 
/N
o
t 
A
p
p
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a
b
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The insole fits well A 2 2 1 2  1 
NA 7 5     
The insole is comfortable throughout 
the day 
A 4 4  1   
NA 7 5     
The insole does not cause abrasions or 
soreness 
A 4 4  1   
NA 9 3     
The insole is pain free to wear A 4 5     
NA 9 3     
I feel using of insole, makes my feet 
less tired 
A 4  3 1  1 
NA 5 5 2    
I am happy with the insole A 3 5 1    
NA 6 5     
I would like to continue using the insole A 4 2 1 2   
NA 7 5     
A: amputees, NA: non-amputees 
 
Twelve non-amputees (with an average time of use: 6±1 days per week and 9.2±3 hours 
per day) and nine amputees (with an average time of use: 6.75±0.7 days per week and 
9.1±2.6 hours per day) responded to the questions. As seen in Table 4.23, the majority 
of the participants gave positive feedback about the insoles (choosing strongly agree 
and agree). A Chi-square test did not find a difference between the two groups in terms 
of their answers to the questions (p>0.05). However, the non-amputees seemed more 
satisfied with the insoles. All of the non-amputees stated that they would continue to use 
the insoles, while only six out of nine amputees wished to do so. One non-amputee 
declared that he felt the insoles negatively affected his balance. Three amputees 
specifically noted their satisfaction and said that they felt better in outdoor activities and 
long-distance walking when using the insoles. Two amputees felt that the insoles made 
their shoes too tight and decreased the depth of the shoes. 
4.4 Discussion 
This study was conducted to describe the function of TF amputees according to their 
walking performance, and to evaluate and compare the biomechanics of their walking 
with non-amputees in with/without insoles conditions. The results of the study will be 
discussed separately in different related sections: 
 
4.4.1 Level of function  
The observed differences between the spatio-temporal variables of the amputee and 
non-amputee participants and their SI fully support the first hypothesis (the lower 
functional level of amputee participants in comparison with non-amputee participants). 
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In this study, amputee participants adapted a lower self-selected speed than non-
amputees. The natural consequences of limb loss (including muscle damage) and using 
an artificial limb, with its limitations which do not permit walking in exactly the same way 
as individuals without musculoskeletal deficiencies, forces lower limb amputees to apply 
different adjustments when performing their daily activities. They try to manage energy 
expenditure during walking (i.e. O2 intake) by controlling their speed (Waters and Mulroy, 
1999). In addition, lowering walking speed is a known strategy to increase stability 
among normal individuals, particularly old people (Orendurff et al., 2004; Lamoth et al., 
2010), which might be applicable to any group, including lower limb amputees. However, 
(Prinsen et al., 2011) published a literature review related to lower-limb amputees 
walking studies and found the majority of them reported a higher self-selected speed of 
amputee participants and control groups than in this study (1.12±0.17-1.4±0.16 m/s for 
control groups and 1.2±0.1 m/s for TF amputees). It is worth remembering that, 
according to the inclusion criteria of this study, all participants were active ambulators 
and were able to walk without assistive devices; their health condition was good or under 
managed medical control, free from any musculoskeletal or balance issues during the 
previous six months. Therefore, the observed low speed is unlikely to be related to their 
health. All the amputee participants in this study used passive mechanical prosthetic 
knees which have a constant speed of knee flexion/extension. This feature makes 
changing walking speed more challenging. In addition, it is established that there is a 
negative relationship between speed of walking and age (Patterson et al., 2012). Thus 
the differences between the ages of the participants in the different studies must also be 
considered when evaluating walking speed. The participants in the reported studies in 
(Prinsen et al., 2011) had a different range of age, including a 62.3±6.9 year-old TT 
amputees with a speed of 1.06±0.18 m/s and 30-44 year-old TF amputees with a speed 
of 1.2±0.1 m/s which, even considering the speed of the elder group, is higher than the 
present study, with a speed of 0.76 ±0.15 m/s for 55.9 ±8.53 year-old participants. It is 
also known that the test environmental conditions (i.e., the limited walking path length in 
the laboratory setting, the targeting of the force platform, the feeling of being in a 
controlled situation) and the natural differences between individuals might have affected 
aspects of the biomechanical data, such as the walking velocity. The walking path at the 
Iranian site of testing was approximately 5 m and the speed in this study was measured 
during only one right and one left stride, passing the force platforms. Another point to 
consider is that as the majority of participants were Iranian (10 amputees and 8 non-
amputees), the lower walking speed might be part of their lifestyle, which would agree 
with my personal routine observations regarding people’s walking pace. As can be seen 
in Table 4.24, there is a similarity between the several spatio-temporal variables, 
including walking speed, for Iranian non-amputees and TF amputees in separated 
studies (F Farahmand et al., 2006; Hekmatfard et al., 2013; Khiri et al., 2015). Jalalvand 
et al. (2016) also reported the walking speed of healthy Iranians close to this present 
study (n=15, age=48.8±6.61 years, speed=1.19 m/s). However, (Rastegar et al., 2016) 
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and (Sadeghi and Norouzi, 2010) reported self-selected speed for healthy Iranian males 
higher than here (in turn n=15 age= 26.46±3.34, speed=1.48 m/s; n=57, age= 25±8.5, 
speed=1.29 m/s). These differences reveal the importance of individual differences, and 
the effect of the testing environment on the variables.  
Table 4.24 Sample of results for gait spatio-temporal variables in 3 studies related 
to Iranian TF amputees 
 Non-amputees 
(Right limb) 
Lower Limb Amputees 
IL PL 
Step length (m) 
Farahmand et al. 0.62 0.46 0.49 
Hekmatfard et al. - 52. 6 53.4 
Khiri et al. - - - 
Present study 0.68 0.53 0.56 
Stride length (m) 
Farahmand et al. 1.24 1.00 1.00 
Hekmatfard et al. - 1.05 1.08 
Khiri et al. 1.25 1.15 - 
Present study 1.32 1.10 1.10 
Stance time (%) 
Farahmand et al. 59.5 65 60 
Hekmatfard et al. - 76 63 
Khiri et al. 61 60 - 
Present study 64 71 62 
Self-selected walking 
speed (m/s) 
Farahmand et al. 0.96 0.67 
Hekmatfard et al. - 0.79 
Khiri et al. 60 m/min (~1 m/s) 45.6 m/min (~0.76 m/s) 
Present study 1.1 0.76 
(F Farahmand et al., 2006): 5 Non-amputees (age= 24.2 ±0.83 years, BMI= 24.55±2.99 kg/m2) and 5 TF 
amputees (age= 37.8±4.48 years, BMI= 24.63±2.99 kg/m2) 
(Hekmatfard et al., 2013): 10 TF amputees (age: 40.93±12.57 years, BMI=24.44±3.42 kg/m2) 
(Khiri et al., 2015): 5 Non-amputees (age= 45 ±4.5 years, height 1.74±0.03 m, weight: 64±2.6 kg) and 5 
TF amputees (age= 44.2±4.1 years, height 1.75±0.035 m, weight: 63±3.2 kg) 
 
As expected, the level of symmetry between the two limbs’ spatio-temporal variables 
was higher for non-amputees (SI<10%, except for step width) which can be interpreted 
as a higher level of functioning related to their walking. Interestingly, the least significant 
relationship between age and symmetry of walking parameters has been observed 
(Jaegers et al., 1995; Patterson et al., 2012). Thus, in spite of the differences in the 
groups’ age, the observed asymmetry between the intact and PLs of the amputee group 
should be considered as a consequence of their adaptation with amputation, not their 
age. The lack of sensor-motor control on the PL, its less accurate functionality and the 
prosthetic foot placement due to the absence of lateral ankle control of the prosthetic 
feet led to the forming of a compensatory strategy involving shorter weight bearing on 
the affected limb (Schaarschmidt et al., 2012). The greater reliance on the IL is well-
known, and the subsequent longer stance duration and shorter step length of the IL have 
been documented in textbooks (Winter, 1987; Silver-Thorn, B. and L. Glaister, 2009; 
Lusardi and Nielsen, 2007). Accordingly, Prinsen et al. (2011) believe it is not correct to 
evaluate the functionality of lower limb amputees based on the symmetry of their walking. 
(Hof et al., 2007) has also suggested that the focus of rehabilitation should not be on 
improving the temporal symmetry of lower limb amputees’ walking because the observed 
asymmetries are unavoidable due to passive control of the PL. Furthermore, the 
prosthetic components have a significant effect on the symmetry of gait in lower limb 
amputees. For example, bionic knees (Uchytil et al., 2013) or microprocessor knees 
(Kaufman et al., 2012) in comparison to mechanically passive knee joints significantly 
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improve the symmetry of stance/swing proportion of intact and the PL of TF amputees 
and lower extremity joint kinetics. It has been observed that energy-storing prosthetic 
feet also improve the step length symmetry of TT amputees (Houdijk et al., 2018). These 
might suggest that the symmetry of walking due to its dependence on extrinsic factors, 
such as prosthetic components, the testing environment, unavoidable adaptation with 
amputation and prosthesis and personal differences, is not a proper criterion for the 
evaluation of lower limb amputees’ functionality.  
The second hypothesis (amputee participants’ moderate level of functioning) is 
supported by the results of the ABC scale and PEQ-M questionnaires. The average ABC 
score of participants in biomechanical tests was 70.5 (±13), which is considered a 
moderate level of balance confidence. It was higher than the average scores of 
participants in the survey (55.24 ±25.88) and 37 Iranian participants (63.63±21.96). 
Amputees number 1, 3 and 10’s ABC score showed their high level of functioning and 
balance confidence, while only amputee number 8 had a low level of function and 
confidence; the other amputees placed between them (a moderate level of functioning 
and balance confidence). However, the score of less than 80 needs intervention for 
improving balance, which is needed by the remaining eight amputees (Myers et al., 
1998). In addition, the self-reported score for the amputees numbered 4, 5 and, 6 were 
<67, which is considered to be at risk of future falling. Amputees numbered 4 and 6 
already had reported fall experience during the 12 months prior to participating in the 
tests. The average ABC score for the amputee participants is comparable with the 
literature, which similarly reported a moderate level of functioning for the lower limb 
amputee participants in their studies; however, they recorded lower scores (62.8 for 
(Miller, W. C. et al., 2001); 67.6 for (Miller and Deathe, 2004); around 70 for low active 
lower limb amputees for (Mandel et al., 2016); 65.1 for (Wong et al., 2014); and 2.4 out 
of 4 for (Hafner et al., 2017) (the equivalent 60 out of 100)). This shows that, if the 
participants in this study were not at a high level of functionality according to the ABC 
scale (the average score being more than 80), they were also not exceptional, and that 
they had a lower level of functionality in comparison to other studies. At the same time, 
they were better than others. By looking at individual data, amputee number 8 had the 
lowest self-selected speed of walking, which agreed with his self-reported low scores of 
mobility (PEQ-M questions) and on the ABC scale. The average PEQ-M score of 
amputee participants (7.03 ±1.5) was better than the average scores of 155 participants 
in the survey presented in Chapter 3 (5.74 ±2.38) and better than even the 37 Iranian 
participants (6.34±2.17), as well as the results of the previous studies; for example, 
(Harness and Pinzur, 2001), with reported scores of 55.3 and 65.9 out of 100 respectively 
for TT amputees and (Hafner et al., 2017), with a recorded score of 2.4 out of 4, which 
is equivalent to 6 out of 10. In addition, our participants gave the highest score to their 
ability to walk in different situations, which shows they had a positive view of their mobility 
in routine activities. 
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The Levene’s Test showed both groups had a similar level of variability (or homogeneity) 
for the spatio-temporal variables (p>0.05). As can be seen in Figure 4.7 and Figure 4.8, 
in spite of the observed variability within the groups, neither had outliers for 10 out of 15 
spatio-temporal variables and in the remaining five variables, only one or two outliers 
were recorded. The outliers were related to amputee participant number 10, with data 
close to non-amputee levels (velocity, IL stride length), number 8 (longer IL stance and 
its shorter swing, longer IL stride), and number 6 (longer IL stance and its shorter swing) 
in the amputees group, and participant number 5 (lower velocity and longer double 
support time), number 6 (longer double support time), number 7 (higher velocity, longer 
left stride length, shorter right stride time), and number 14 (longer right stride time, 
shorter left stride time) in the non-amputee group. The calculated coefficient of variation 
(CV) as a criterion for evaluating the variety inside the groups had lower values for the 
non-amputees’ spatio-temporal variables (CV<15%). Only their width of step had a high 
CV (42% and 49% for right and left steps). The different pattern of participants numbered 
9 and 14 had a considerable effect on their mobility. They walked with crossed steps (cat 
walking), which led to very small step width. On the other hand, non-amputee number 7 
had the widest step. These are personal differences which were observed in the non-
amputee group. The magnitude of CV was larger in the amputee group. As is seen in 
Table 4.5, walking speed, steps width and IL stride time have a CV>15%. The data of 
participants numbered 8 and 10 for the speed and stride length are different from the 
other participants. A CV>15% can be seen for the spatio-temporal variables of a group 
of highly functional TF amputees (Jarvis et al., 2017). Accordingly, the differences among 
the lower limb amputees as a group having experienced a serious change of the 
musculoskeletal system is expected and reasonable. 
 Finally, in addition to remembering that the amputee volunteers participated in the study 
of their own free will, and due to their perception about being active in daily life was a 
criterion for entry, the assessment of the spatio-temporal variables, PEQ-M and ABC 
scores of the amputee participants in this study are not far from the literature, and the 
amputee participants were at a reasonable level of functionality. In fact, the amputees 
had experienced a long time post-traumatic amputation (34.4±8 years), with limb loss at 
young ages (21.5±5 year-old), which led to the high level of adjustment to the amputation 
and prosthetic device usage (Kahle et al., 2016). Among the amputees, only amputee 
number 8 seemed to have a low level of functionality, which suggests his data should be 
considered with caution.  
 
4.4.2 Biomechanics of walking and insoles effects 
4.4.2.1 Spatio-temporal variables 
The spatio-temporal results (in both with and without insoles conditions) of TF amputees 
participating in this study are typical of the characteristics of lower limb amputees’ 
walking and are definitely in agreement with previous studies (F Farahmand et al., 2006; 
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Hekmatfard et al., 2013; Uchytil et al., 2013; De Asha et al., 2014; Khiri et al., 2015; 
Jarvis et al., 2017).  
As seen in Table 4.9 and Table 4.12, the differences between the amputees’ and non-
amputees’ spatio-temporal variables in both insoles conditions are significant. The 
amputees, in comparison to the non-amputees, had a slower walking speed (S1: 0.76 vs 
1.1 m/s, S2: 0.75 vs 1.13 m/s) resulting in longer stride times (1.5 s vs 1.2 s) and shorter 
stride/step lengths (1.1/(0.53-0.56) m vs 1.4/(0.65-0.68) m). The observed speed 
differences between the two groups have several dimensions. As was discussed in the 
“Level of function” section, passive mechanical prosthetic knees have a constant speed 
of knee flexion/extension which cannot be adjusted with fast walking. On the other hand, 
when a person decreases the walking speed, s/he gives more time for the motor control 
to evaluate the situation and apply the proper orders (Orendurff et al., 2004). Accordingly, 
the lower speed helps LLAs to optimise their locomotion. In addition, the longer swing 
phase of the PL provides more time for its transfer and leads to a longer step on this 
side. Amputees had longer double support time (S1: 16% (IL)-17% (PL) vs 14 % for non-
amputees) and the stance phase of their IL was longer (71% vs 64%), which shows 
prolonged loading on the IL. Walking is a very regular routine human activity. Hence, the 
repetitive action of a longer spell of loading on the IL and a shorter spell of weight bearing 
on the PL might result in secondary knee pain or joint osteoarthritis of the IL, and 
osteopenia (low bone density) of the residual limb (Berke et al., 2008). As the severed 
bone of the residual limb decreases its ability to transfer the bodyweight directly to the 
prosthetic device, the increased time on the IL might be an adjustment to protect the 
residual limb’s soft tissues (Silver-Thorn, M.B. et al., 1996). In addition, the amputees 
had wider stepping, which shows they were trying to increase the base of support and, 
consequently, have more stable walking. Interestingly, a wide step is not related to lateral 
leaning (Jaegers et al., 1995), which was seen in five participants. It is known that the 
walking energy cost of lower limb amputees is higher than non-amputees, regardless of 
the magnitude of their selected speed (Detrembleur et al., 2005). On the other hand, the 
increased base of support in lower limb amputees is associated with their higher energy 
expenditure (Weinert-Aplin et al., 2017). The higher energy cost of walking leads to 
higher pressure on the heart and induces fatigue quicker. These reasons might be the 
basis of their lower speed. The results do not support a part of hypothesis number 3 (the 
significant differences between paired spatio-temporal variables of IL and PL). The 
differences between the two limbs of the amputees were only observed in the form of a 
longer stance and shorter swing duration for the IL. However, the results support the part 
of hypothesis number 4 related to the non-significant difference between the two limbs 
of the non-amputees in terms of paired spatio-temporal variables. The results also 
support the part of hypothesis number 5 which supposes the spatio-temporal variables 
of amputees’ walking is significantly different from non-amputees’ variables, except for 
the differences between stance and swing duration of the PL, which was no different 
from non-amputees.  
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The insoles do not change the similarities between the right and left limbs’ spatio-
temporal variables and, accordingly, the related part of hypothesis number 6 is 
supported. On the other hand, the part of hypothesis number 7 related to the decrease 
in difference between the spatio-temporal variables of the IL of amputees’ and non-
amputees’ limbs is rejected. Insoles use did not affect the spatio-temporal variables and 
their symmetry (p>0.05). But, the non-significant increase of double support time for non-
amputees’ left limb (from 13.73% to 15.06%) and the decreased double support time in 
the prosthetic side of amputees (from 17.14% to 16.45%) led to a change in the observed 
difference between the variables of amputees and non-amputees to a non-significant 
difference. In addition, the length of the non-amputees’ limb stance time non-significantly 
increased (from 63.29% to 64.45), the stance duration of the PL of amputees also non-
significantly decreased (from 62.34% to 61%), which led to an increase in the swing 
phase of the PL (from 37.66% to 39%). These led to the observation that there is a 
significant difference between the stance/swing duration of the prosthetic side and the 
non-amputees’ left limb, which did not exist in the without insoles session (Table 4.9 and 
Table 4.12). However, these changes are not a matter of interest when considering the 
goal of this study.  
 
4.4.2.2 Kinematics 
The effects of insoles on the kinematics of walking was evaluated by an assessment of 
the COM vertical and mediolateral displacements, the COG/COP-BOS lateral border, 
the COP mediolateral displacement, and ankle angular displacements in the sagittal and 
coronal planes during one gait cycle of both limbs of each participant. 
Kinematics of the COP and COM 
COM displacements: The results support a part of hypothesis numbers 3-5 related 
to the observed differences between the COM displacements during stance and 
swing of the intact/PLs and between groups. During the stance phase of the IL, the 
vertical position of the COM was higher than its position for the stance of the PL. On 
the other hand, it reached a lower position during the IL’s swing phase in comparison 
with the PL’s (hypothesis number 3). The difference between the COM vertical 
displacement of non-amputees’ right and left limbs was not significant (hypothesis 
number 4). Hypothesis number 5 (the existence of a difference between amputees 
and non-amputees) is supported by the observed differences in the COM vertical 
displacement during the stance of the PL/swing of ILs and the displacements in the 
same phases of non-amputees’ limbs. The amplitudes of the COM vertical 
displacement were the same for both groups and for insoles sessions (~0.04 m). 
However, the displacement was greater during the stance and smaller during the 
swing of the IL in comparison to the PL (~0.04/0.02 vs ~0.03/0.03). It did have a 
symmetrical pattern in the non-amputees (Figure 4.9-A). This means that the COM 
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experienced greater vertical amplitude during weight bearing of the IL, while this 
limb (as opposed to the PL) had initial stance knee flexion, which lowers the COM. 
But, as the ankle moment profile shows, amputees had vaulting on the IL which 
leads to a higher position of the COM during the IL’s stance. In addition, the COM 
was in a higher position on the prosthetic side’s end of stance compared to the IL’s 
COM position at the same event. It might be the result of the prosthetic device’s 
limited plantar flexion and its deficiency when propelling the body forward at toe-off 
(Nolan, Lee et al., 2003).  
For mediolateral displacement of the COM, the displacements during the gait cycle 
of both limbs of the amputees were the same (a rejection of hypothesis number 3). 
The displacements were also the same for both limbs of the non-amputees 
(supporting hypothesis number 4). Hypothesis number 5 (the existence of a 
difference between amputees and non-amputees) is supported by the observed 
greater COM mediolateral displacement of both amputees’ limbs’ during the gait 
cycle in comparison with non-amputees limbs. The COM mediolateral 
displacements were greater during both limbs’ strides in the amputees group. A 
greater mediolateral movement of the COM during normal walking is considered a 
sign of probable loss of balance (Niiler, 2018). But the observed wider steps of the 
amputees might be the basic cause of this greater mediolateral COM displacement 
or, in other words, their strategy to maintain dynamic balance. There was a long-
held belief about the direct relationship the COM vertical displacement and energy 
cost of walking based on Saunders and Inman’s six determinants of gait theory, 
which recent studies have shown to be incorrect about able-bodied walking (Rose 
and Gamble, 2006). But, the increased vertical displacement of lower limb 
amputees’ COM is not linked to their higher energy expenditure (Detrembleur et al., 
2005). Instead, increased mediolateral displacements of the COM during walking is 
connected to higher energy expenditure (Weinert-Aplin et al., 2017), which is 
expressed in the oxygen consumption of TF amputees whilst walking being higher 
than in able-bodied individuals’ (Jarvis et al., 2017). In this study also, the 
mediolateral displacements of the amputees’ COM (~0.08 m) during both limb 
strides were almost twice those of the non-amputees (~0.04). Accordingly, we can 
conclude that the amputees’ walking is less energy efficient, which results in their 
getting tired more quickly and having a lower speed. It has been shown that walking 
speed has a direct relationship with vertical COM displacement and an inverse 
relationship with its mediolateral displacements in healthy individuals (Orendurff et 
al., 2004). Surprisingly, (Orendurff et al., 2004) the reported mediolateral and 
vertical COM displacements were close to those of the amputee group in this study 
(6.99 ± 1.34 cm and 2.74 ± 0.52 cm, respectively) for the 10 young healthy 
individuals (26.9 ± 5.7 years-old, walking with a speed of 0.7 m/s). Therefore, with 
a speed similar to that of the amputees, we can expect a smaller vertical and larger 
mediolateral displacement of the COM for non-amputees, which might decrease the 
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differences between the two groups. But, in such conditions, the larger COM vertical 
displacement might be related to the vaulting of the amputees, and their greater 
mediolateral displacement might be due to their wider base of support.  
Note: Amputee number 8 had a greater mediolateral COM Mediolateral 
displacement of the IL stride and both limbs’ stance during the with insole session, 
which corresponds to his Trendelenburg gait pattern.  
COP mediolateral displacement: The displacement, during the stance phase of 
non-amputees’ limbs (~0.05 m), was not significantly different in the amputees. But, 
the displacement for the intact foot of amputees (0.056 m) was greater than that of 
the prosthetic foot (0.04 m). The biological foot has a more flexible structure in 
comparison to the almost rigid nature of the prosthetic foot, the shape of which 
undergoes minimal change to its breadth during weight bearing, and a smaller 
mediolateral displacement of the COP is expected. As the mediolateral 
displacement of the COP is considered a balance-related feature for LLAs (Kendell 
et al., 2010), the observed similar displacement indicates their proper dynamic 
balance.  
The results support a part of hypothesis number 3 as the mediolateral displacement 
of the IL was larger than the PL. The difference between the mediolateral 
displacement of the COP for non-amputees’ right and left limbs was not significant 
(hypothesis number 4). Hypothesis number 5 (existence of differences between 
amputees and non-amputees) is rejected because the differences between the two 
groups were not significant. 
COG-BOS lateral border distance at mid-stance: The results of the COG-BOS’ 
lateral border distance at mid-stance do not support hypothesis number 3 (existence 
of differences between intact and PL of amputees). They do, however, support 
hypotheses number 4 and number 5 (no difference between both limbs of amputees 
and significant differences between non-amputees and amputees). This relationship 
might be considered a criterion for stability during walking (Nagano and Begg, 
2018). In this study, the relationship at mid-stance as a moment in the single support 
period was evaluated. A larger distance was observed for both amputees’ limbs’ 
stance in comparison to non-amputees (~0.11 m for IL and 0.13 m for PL vs 
~0.1/0.09 m for non-amputees, Table 4.14) which might be the result of efforts to 
achieve a stable condition. The wider steps of the amputees indicate outward 
placement of their foot, which also increases the distance. This may be a strategy 
to maintain balance during walking. 
COP-BOS lateral border distance: No significant difference was seen between the 
limbs and groups in terms of the COP-BOS lateral border distance (~0.04 com for 
all limbs). As the lateral position of the COP in the base of support is associated with 
a higher level of instability (Kendell et al., 2010), this result might be interpreted as 
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the strategy of foot placement (including wide step) by the amputee participants to 
gain a balance close to that of the non-amputees at mid-stance.  
Not seeing a significant difference between the distance between the COP-BOS’ 
lateral border at mid-stance of limbs/groups supports hypothesis number 4 
(difference between limbs of non-amputees). However, it does not support 
hypotheses number 3 (difference between limbs of amputees) or number 4 
(difference between amputees and non-amputees) 
The insoles use did not have an effect on any of the variables related to the COP 
and COM except the COP-BOS lateral border distance. This variable had a slight 
increase in all limbs but the statistical analysis showed a meaningful increase of the 
distance for non-amputees’ right limb after insoles use. The right leg was the 
dominant side of all non-amputees and, probably, the small medial support of the 
insoles provided a proper bed for the foot to bear the weight more on the medial 
side of the foot and, consequently, increase the distance of its COP position to the 
BOS lateral border. 
The undetected effect of the insoles on the COM and COP variables supports 
hypothesis number 6 (similarity between two limbs of amputees did not change) but 
does not support hypothesis number 7 (change of difference between IL of 
amputees and non-amputees limbs). 
Ankle angle: The pattern of the ankle joint angle in the sagittal plane corresponds to 
previous studies (Seroussi, R. et al., 1996); (Segal, A.D. et al., 2006; Grimmer and 
Seyfarth, 2014). The range of motion of the ankle in the sagittal plane for the IL of 
amputees was similar to non-amputees (~26 Deg. vs ~27 Deg., Table 4.15). Nine out of 
10 amputees used single-axis prosthetic feet, which provide a limited range of motion 
during the stance phase. Thus, the limited mobility of prosthetic feet (particularly in the 
terminal stance and swing) has led to a smaller range of motion for this limb (~18 Deg.). 
None of the significant differences between initial stance’s plantar flexion of prosthetic 
feet and natural feet (~10 Deg. Vs 10.5 for IL and 8.2 for non-amputees’ limbs) shows 
the prosthetic feet successfully were able to successfully replicate the natural motion of 
the ankle during loading response. The profile of the ankle angle shows that the intact 
ankle of the amputees remained in plantar flexion for a longer time. It started to be in the 
dorsi-flexion position at around 40% of the stride (Figure 4.10), while the timing for the 
prosthetic foot was earlier than 30%, and for non-amputees, it was before 20% of the 
stride. In spite of the sensitivity of the ankle angles to marker placement, which leads to 
relatively imprecise interpretations about their function, by combining the ankle angles 
with their moment profile (Drevelle et al., 2014), we can conclude that the observed 
difference surely is an indicator of vaulting on the IL of amputees. The terminal stance’s 
dorsi-flexion of IL was smaller than in the non-amputees, which might be the result of 
remaining plantarflexed for a longer period and having a shorter time to reach maximum 
dorsi-flexion.  
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The results support hypotheses number 3 and 4 (existence of differences between intact 
and PLs of amputees and no difference between both limbs of non-amputees). 
Hypothesis 5 is partly supported because the only observed difference was between the 
PL of amputees and both limbs of the non-amputees, in addition to the larger dorsi-
flexion of the non-amputees’ ankle at terminal stance. 
Insoles use was associated with increased initial stance plantar flexion for the non-
amputees, which might be due to compression of the insoles shock absorber during 
loading response. This was not seen in amputees because of their slower speed and, 
consequently, the smaller loading on the IL, which might not fully compress the shock 
absorber.  
The insoles did not change the similarity between the flexion/extension of neither of the 
non-amputees ankles; thus, the sixth hypothesis is supported. There was no difference 
between the flexion/extension of amputees’ and non-amputees’ IL before insoles use 
Therefore, the lack of difference between them after insoles use does not support 
hypothesis number 7.  
 
4.4.2.3 Kinetics 
The effects of insoles on the kinetics of walking was evaluated by assessment of the 
vertical ground reaction force’s loading rate, the lower limb joint moments in the sagittal 
plane and the lower limb joint powers during one gait cycle of each participant. 
Loading rate: The force loading rate can affect the impact of the applied load and 
potentially cause musculoskeletal injuries. In animal studies, it has been reported that a 
higher loading rate during gait increased the risk of knee osteoarthrosis development 
due to the resulting stiffening and breaking of the articular cartilage (Ewers et al., 2002). 
The profile of the vertical GRF during barefoot walking normally has a sudden increase 
(which is called the initial impact) after heel contact. This derives from the rapid 
deceleration of the shank and foot after the initial contact of the foot with the ground. Its 
magnitude is under the influence of walking speed, cadence and stride length (Collins 
and Whittle, 1989), in addition to the material properties of footwear’s heel in shoed 
walking. Its vanishing was expected due to the shock-absorbing feature of the utilized 
insoles in this study. In without insoles sessions (S1), the impact was not seen for 
amputee number 8 due to his lower speed of walking (0.45 m/s). It was not seen for non-
amputees numbered 2, 5 and 10, which might be due to the materials used in the soles 
of their footwear as their speed was more than the average speed of the amputees who 
had the impact force (1.08, 0.87 and 1.11 m/s vs 0.80 m/s as the average speed of the 
amputees with impact) and their stride length was also not far from the average of the 
other non-amputee participants. The prosthetic side of the amputees experienced very 
early initial impact force. The impact force was not seen after the insoles were used on 
all the ILs of the amputees and both limbs of 11 non-amputees. As it was not seen as a 
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constant, the loading rate was chosen to evaluate the shock-absorbing effect of the 
insoles. The loading rate indicates force changes in time. The calculated loading rate 
was highly variable (Table 4.16). The average of the loading rate was smallest for the 
PL of amputees (41 N/s.kg) in the without insoles session, and largest for the non-
amputees (~100±48 and 81±44 N/s.kg for right and left limbs, respectively), which might 
have been affected by a higher speed. The average loading rate decreased to almost 
the same for non-amputees (71±42 and 61±32 N/s.kg for right and left limbs, 
respectively) and the IL (from 77±27 N/s.kg to 67±31 N/s.kg) after insoles use. The higher 
loading rate of the IL in comparison to the PL has been reported for TT amputees in the 
early stages of receiving a prosthetic device after amputation. This decreased in the long 
term of prosthetic walking. However, in the same study, TFAs experienced a higher IL 
loading rate being continuously present (Pruziner et al., 2014). In spite of the insoles 
effect on eliminating the impact force from the GRF profile of amputees’ IL, the loading 
rate reduction was significant only for the non-amputees group, which corresponds to 
previous studies on using insoles for healthy subjects (Jafarnezhad Gero et al., 2015). 
As non-amputees had a higher speed, this effect of the insoles might be seen in higher 
speeds of amputees, too.  
The differences between the loading rate of the PL and IL of amputees during the without 
insoles sessions support hypothesis number 3. The similarity between the loading rate 
of both limbs of non-amputees before insoles use and after it supports hypotheses 
numbered 4 and 6. The lower loading rate of the PL than on non-amputees’ limbs 
supports hypothesis number 5. There was no difference between the loading rate of the 
amputees’ IL and non-amputees before insoles use Therefore, this lack of difference is 
not supporting evidence for hypothesis number 7. 
 
Ankle moment in the sagittal plane and ankle power: The ankle moment pattern in 
the sagittal plane for both limbs of the amputees and non-amputees had the typical 
patterns mentioned in the literature (Winter, 1987; Sjodahl et al., 2002; F Farahmand et 
al., 2006; Vanicek, N. et al., 2009a; Drevelle et al., 2014). There was a visible hump on 
the average plantar-flexor moment diagram of the IL of amputees, while a less marked 
one on the non-amputees’ limbs. It is an indicator of vaulting (Drevelle et al., 2014), which 
was seen in the sagittal plane’s ankle joint moment of all amputees’ IL and in five non-
amputees (numbers 2, 7, 8, 10, 14). The vaulting might be a habitual pattern (especially 
in non-amputees) or a way to secure foot clearance of the contralateral limb (a probable 
reason for the lower limb amputees). The PL had a dorsi-flexor moment similar to the IL 
and to the non-amputees’ limbs (0.23 N.m/kg vs 0.24 N.m/kg for IL and 019/0.20 N.m/kg 
for non-amputees right/left limbs). The increased dorsi-flexor moment of the IL after 
insoles use (0.29 N.m/kg) resulted in a significant difference with the PL (0.22 N.m/kg), 
in addition to the non-amputees’ limbs (0.21 N.m/kg), but not to its own magnitude in the 
without insoles session. The insoles probably transferred the GRF line of action to a 
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more posterior position. Consequently, this produces a greater external plantar-flexor 
moment, which needs to be controlled by a larger internal dorsi-flexor moment. The initial 
dorsi-flexor moment of the PL was prolonged beyond 20% of the gait cycle (vs 10-15% 
for IL and non-amputees’ limbs). This might be due to the resistance of the dorsi-flexor 
bumper in a single-axis prosthetic foot, and the locked prosthetic ankle, which is not able 
to have motion toward dorsi-flexion in the SACH foot (Winter, 1987). The ankle plantar-
flexor moment in the terminal stance was largest for the non-amputees’ limbs (1.43 
N.m/kg) and smallest for the PL (1.05 N.m/kg). The smaller moment produced by the 
prosthetic device is due to the lack of plantar-flexor muscles and then its inability to 
plantar-flex at push-off (Winter, 1987; Seroussi, R. et al., 1996). But the intact side did 
not exhibit a stronger push-off ankle moment than in the non-amputees. This 
corresponds with the shallow depth of its vertical GRF, valley which is considered to be 
related to the strength of the push-off (Richards, 2008). The insoles use was associated 
with the reduction of this moment in the IL (changing from 1.3 N.m/kg to 1.26, p=0.033) 
and the PL (changing from 1.05 N.m/kg to 0.99, p=0.006) of amputees. The reduction 
was seen across the entire moment profile after insole use, which might reflect the effect 
of a decrease in walking speed during with insole use.  
The observed smaller ankle plantar-flexor moment of the PL supports hypothesis number 
3. The similarity between the two limbs of the non-amputees during both insoles sessions 
support hypotheses 4 and 6. The moment has a smaller magnitude for both limbs of the 
amputees in comparison with non-amputees, which supports hypothesis number 5. The 
insoles use was associated with a reduction of the moment of the IL which increased its 
deference with non-amputees. Therefore, hypothesis number 7 is rejected in this case.  
The power generated and absorbed by amputees both ankles were smaller than non-
amputees ( 
Table 4.20). However, the differences was significant only when comparing both the 
power peaks of the PLs with non-amputees (AP1:-0.5 W/kg and AP2: +0.37 W/kg vs 0.9 
W/kg and 2.4 W/kg), in addition to its power generation with the IL (AP2: +0.37 W/kg vs 
2.22 W/kg). The plantar-flexor muscles, which do not exist in the prosthetic foot, have a 
main role in ankle power absorption during mid-stance (eccentric contraction) and power 
generation in terminal stance (concentric contraction). Therefore, the observed small 
ankle powers of prosthetic feet might be caused just by the type of materials used in the 
prosthetic foot. Although (Seroussi, R. et al., 1996) reported that the power of the IL was 
greater than in non-amputees. This might be due, in the current study, to the slower 
walking speed of the participants and their smaller push-off moment. The ankle power 
absorption of non-amputees’ right limb increased after insoles use.  
Hypothesis number 3 is partly supported due to the lack of difference in terms of AP1 
between the two limbs of the amputees and the record of a smaller AP2 for the PL. 
Hypotheses number 4 and 5 are supported due to the similarity of both the non-
amputees’ limbs, in addition to a smaller AP1 of both limbs of the amputees, and a 
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smaller AP2 of PL compared to the non-amputees. The non-amputees’ left ankle had a 
larger power absorption, which led to the rejection of hypothesis 6. The insoles use did 
not change the ankle powers of the IL and, therefore, hypothesis number 7 is not 
supported. 
Knee moment in the sagittal plane and knee power: The four established peaks of 
knee moment were identifiable in the profiles of all the limbs, but their magnitudes were 
highly variable (with a standard deviation of around 50% or more of mean values). The 
non-amputees had a larger extensor moment at early mid-stance (K1: 0.56 N.m/kg vs 
0.32 N.m/kg for the IL and 0.22 N.m/kg for the prosthetic knee), which resulted from the 
eccentric contraction of the extensors. However, the difference between the K1 of limbs 
was only significant in the prosthetic knee. It shows how the amputees attempted to keep 
knee stability through controlling the GRF vector close to the knee joint, which happens 
due to the absence of knee flexion in a prosthetic knee and the smaller knee flexion of 
the IL, in addition to the knee flexor and extensor muscles co-contracting. This helps 
amputees to prevent knee collapse at the initial part of the stance. The stance flexor 
moment started earlier (before 30% of the stride vs after 30%, for non-amputees) and 
was prolonged and larger for the IL (K2: 0.29 N.m/kg vs 0.17/0.15 N.m/kg for non-
amputees). The amputees presented a vaulting pattern on the IL during the same period 
of time, which is an indicator of a more anterior position for the GRF line toward the knee 
joint (due to prolonged ankle plantar flexion, which is associated with keeping the shank 
back) and which needs higher knee flexor muscle activity to confront it. The flexor 
moment of the PL is due to the resistance of the extension stop component of the 
prosthetic knee against the knee hyperextension. The statistical analysis did not show 
any significant difference between the extensor moment peaks before the swing phase 
of the limbs (K3), which is related to the knee extensors control of the flexion of the knee. 
The terminal swing flexor moment was negligible (K4: 0.05 N.m/kg vs 0.23 N.m/kg for IL 
and amputees’ limbs) for the prosthetic side due to the mechanism of the prosthetic 
device, which permitted the knee extension to prepare the limb for heel contact. A small 
flexor moment was seen in the non-amputees and IL, which was produced by the 
eccentric contraction of the knee flexors to control the extension of the knee before initial 
contact.  
Hypothesis number 3 is partly supported due to the detection of a smaller K1 and K4 for 
the PL compared to the IL. The similar knee moments of both limbs of the non-amputees 
support hypotheses number 4 and 6. But the larger K2 for IL and the smaller K1, K3 and 
K4 of PL in comparison to the same moment of non-amputees partly support hypothesis 
5. The insoles use reduced the K2 of the IL and non-amputees insignificantly, but it led 
to support for hypothesis number 7.  
Knee power generation and absorption were negligible for the PL (except around -0.6 
W/kg power absorption before toe-off (KP3), which is related to energy absorption by the 
knee damper). These are because the prosthetic knee presents very small joint moments 
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during the stance, and then it remains in full extension, then moves at low angular speed. 
The reason of observing a near to zero power absorption at the terminal swing of the PL 
(which corresponds with its close to zero flexor moment at the same time) was because 
of the slower movement and lighter weight of the prosthetic shank (Winter, 1987), in 
addition to its small moment at this time. The IL also presented a smaller power 
absorption at the initial stance (KP1: -0.4 W/kg vs -0.6 W/kg for non-amputees) and 
terminal swing (KP4: -0.75 W/kg vs ~-1 W/kg for non-amputees), in addition to a smaller 
power generation (KP2: +0.38 W/kg vs +0.67/0.61 W/kg for non-amputees’ right/left 
knees). But, it had a large power absorption during the terminal stance-initial swing (KP3: 
-1 W/kg vs -0.8/-1 W/kg for non-amputees’ right/left knees). However, the differences 
between the IL and the non-amputees’ knee powers were not significant due to the high 
level of variability (SD >50%-100% of mean values). Interestingly, the profile of the IL’s 
knee power resembled the profile reported for the affected limb of TT amputees 
(Vanicek, N. et al., 2009a). This might show the function of the intact knee of TF 
amputees has a level of functionality more similar to the affected limb of TT amputees 
than the knees of non-amputees. The insoles use had no effect on knee powers. 
Hypotheses number 3 and 5 are supported by the smaller knee powers of the prosthetic 
knee in comparison to the IL and non-amputees. The similarity of both of the non-
amputees’ limbs’ knee moments supports hypotheses number 4 and 6. The insoles effect 
on knee powers was not significant; therefore, hypothesis number 7 is not supported.  
Hip moment in the sagittal plane and hip power: The IL of the amputees had a 
prolonged extensor hip moment, which is consistent with the results of previous studies 
(Seroussi, R.E. et al., 1996; Nolan, L. and Lees, 2000; F Farahmand et al., 2006). It 
shows the concentric contraction of the hip extensors extended to late mid-stance. A 
large hip extensor moment at the initial stance of the IL was reported by (Seroussi, R. et 
al., 1996) as an adaptation to assist lower limb amputees’ walking. Although the 
magnitude of the hip extensor moment for the IL was larger than on the affected side, it 
was smaller than the non-amputees in this study (H1: 0.7 N.m/kg vs 0.81/0.77 N.m/kg 
for right/left hips of non-amputees). In addition, (Winter, 1987) reported a larger hip 
extensor moment of the affected limb at initial stance (contrary to this study and 
(Seroussi, R. et al., 1996), and interpreted it as a strategy of TF amputees to use the hip 
extensors to keep the prosthetic side in an extended locked condition for safe weight 
bearing on the prosthetic device. In our study, the prolonged extensor moment 
corresponds to the vaulting pattern of amputees’ walking, and its smaller magnitude 
might be due to the passage of the GRF line being closer to the hip joint. The extensor 
moment was followed by a flexor moment controlling the hip extension at the end of the 
stance, which was smallest for the IL (H2: ~0.4 N.m/kg vs ~0.5 N.m/kg for the affected 
limbs of amputees and ~0.6/~0.7 N.m/kg for the right/left hips of non-amputees). This 
small flexor moment is a consequence of the prolonged hip extensor moment at the 
initiation of the stance, which remained for more than 70% of the stance phase (Seroussi, 
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R. et al., 1996). The observed larger flexor moment of the prosthetic side in comparison 
to the IL coincided with its smaller ankle plantar-flexor moment. This has been linked to 
a compensatory role of the hip extensors to make up for the lack of a plantar-flexor 
muscle propulsion act in the terminal stance (Rietman et al., 2002). In addition, the 
smaller hip flexor moment in both limbs of amputees shows the GRF passed posterior 
to the hip joint, but its distance was closer to the joint. It seems one strategy of TF 
amputees for maintaining their stability is regulation of the GRF line close to the joint 
centres. The extensor hip moment at the terminal swing of the amputees’ affected the 
limb (which is a result of the eccentric contraction of the hip extensor muscles used to 
control hip flexion) was almost half of other limbs (H3: 0.12 N.m/kg vs 0.22 N.m/kg for IL 
and 0.21 for non-amputees’ limbs). It corresponded with the smaller hip flexion of this 
limb and, thus, the smaller eccentric contraction of the hip extensors. Insoles use had no 
effect on the hip moments of any of the limbs.  
The observed differences relating to H1, H2 and H3 of the residual limb and the IL 
support hypothesis number 3. The similarity of the hip moments of both of the non-
amputees’ limbs in both insoles sessions support hypotheses number 4 and 6. The 
recorded differences between the residual and ILs of amputees and non-amputees 
support hypothesis number 5. Insoles use did not lead to a decrease in the differences 
between hip moments of the amputees and non-amputees. Accordingly, hypothesis 
number 7 is rejected. 
The joint is extended due to the concentric contraction of the hip extensors at the initial 
stance; thus, the observed hip extensor moment coincides with hip power generation 
(HP1). HP1 was largest for the IL of amputees (0.82 W/kg vs 0.33 W/kg for affected limb 
and ~0.5 W/kg for non-amputees’ limbs). (Seroussi, R. et al., 1996) supposes that, as it 
coincides with the weak push-off of the PL, it helps to compensate for that and helps the 
forward movement of the body. The same applies to the extensor hip moment at initial 
stance, the magnitude of the affected limb’s HP1 in our study, and the fact that what 
(Seroussi, R. et al., 1996) reported was much smaller than what (Winter, 1987) did. He 
explained it as the hip extensors acting to produce propulsion energy. On the other hand, 
(Vanicek, N. et al., 2009a) observed a smaller HP1 in the prosthetic side of TT amputee 
fallers compared to non-fallers. This similarity might be considered a negative sign for 
our TF amputee participants. The eccentric co-contraction of the hip flexors resulted in 
HP2 power absorption, which was smallest for the IL of amputees (-0.17W/kg vs -0.43 
W/kg for the affected limb and -0.31/-0.36 W/kg for non-amputees’ right/left limbs). The 
large affected limb’s HP2 is due to the lack of knee flexion during the stance phase and 
the consequent placement of the amputee’s COM posterior to the joint, which needs a 
larger flexor moment to pull the body over the extended leg (Seroussi, R. et al., 1996). 
The IL showed greater power generation by the hip flexor muscles in the terminal stance 
during the without insoles session (HP3: ~0.9 W/kg vs ~0.5 W/kg for the affected limb 
and ~0.7/0.85 W/kg for the non-amputees’ right/left limbs). This power after AP2 is 
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important for the propulsion of the limb. The power is smallest on the affected side (unlike 
(Winter, 1987) and (Seroussi, R. et al., 1996), which show, in spite of the role of the hip 
flexors at terminal stance propulsion, they were not able to produce a push-off as 
powerful as normal limbs. The insole use did not significantly increase the power of the 
non-amputees limb and slightly decreased the power of the amputees.  
Hypotheses number 3 and 5 are supported by the larger hip power absorption and 
smaller hip power generation of the residual limb in comparison to the IL and the non-
amputees. In addition, the larger first hip power generation of the IL compared to the 
non-amputee limbs. The similarity of both of the non-amputees’ limbs’ hip powers during 
both insoles sessions supports hypotheses number 4 and 6. The changes resulting from 
insoles use were not significant for any limb. Therefore, hypothesis number 7 is not 
supported. 
The pattern of joint moments in the sagittal plane and the joint powers in this study were 
similar to previous studies investigating the biomechanics of above-knee prosthesis 
users’ walking. However, the magnitude of peaks was smaller in this study, which might 
be due to differences between participants in terms of age, speed of walking, prosthesis 
components and time since amputation (Winter, 1987; Seroussi, R.E. et al., 1996; Nolan, 
L. and Lees, 2000; Sjodahl et al., 2002; F Farahmand et al., 2006; Drevelle et al., 2014). 
It is worth remembering that the amputees in this study had slow walking speeds, 
decreased step lengths, increased double support time, and increased stance time, 
which are considered to connected to a lack of increased moments at the contralateral 
lower limb joints (particularly, the knee joint) (Berke et al., 2008). In addition, the vaulting 
pattern of their walking influenced their IL joint moments and powers. The propulsive 
powers (AP2, KP3 and HP3) of the IL had large SD and was not greater than in non-
amputees. It is suggested that their adaptation to prosthetic use was not associated with 
the compensatory power mechanisms in the propulsion phase (Vanicek, N. et al., 
2009a). However, the compensatory role of the IL hip extensors for weak propulsion of 
the PL was seen in the form of a greater HP1 coinciding with the terminal stance of the 
affected limb, which helps the pelvis to forward transition (Seroussi, R. et al., 1996).  
 
4.5 Summary and Conclusion  
This chapter aimed to present the biomechanics of TF amputees’ walking, comparing 
them with a non-amputee control group, and to investigate the probable effects of insoles 
use on the two group’s gait as a routine activity. The level of functionality of the amputee 
participants and the homogeneity of the sample were evaluated based on the 
participants’ spatio-temporal variables. 
The general response of the spatio-temporal variables was similar to previous studies of 
lower limb amputees walking. The main features of the amputees’ gait were slower 
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speed, resulting from longer temporal and shorter spatial variables, and spending a 
longer time on their IL (resulting in a longer stance and double supports and a longer 
prosthetic swing phase and step). The functional level of the non-amputees was higher, 
according to the spatio-temporal features and symmetry of their walking, while the 
amputees’ level was lower and, according to the self-reported PEQ-Mobility 
questionnaire and ABC scale scores, they had a moderate level of functioning (except 
amputee number 8, with a low level). The lower level of functionality for the lower limb 
amputees compared to the non-amputees is common. The spatio-temporal variables of 
the two limbs were asymmetrical, but the observed asymmetry in the lower limb 
amputees’ walking is part of their adaptation strategy and, thus, is acceptable, according 
to the literature. The amputee participants in this study used mechanically passive knee 
prosthetic devices and conventional feet (including SACH and single-axis prosthetic 
feet), which are the most commonly used prostheses components for lower limb 
amputees (Versluys et al., 2008). On the other hand, it has been reported that the spatio-
temporal variables of the two main mechanically controlled prosthetic knees (with 
constant friction and the hydraulic knee) did not make any significant difference to the 
slow walking speed (Murray et al., 1983). It should be noted that the amputee participants 
in this study had had long experience of prosthetic device usage (with a range of 19-46 
years) and had worn prostheses without active control or advanced technologies; 
therefore, their walking pattern was a reflection of their adaptation to the amputation and 
provided an acceptable sample for the study of above-knee prosthetic users.  
This fact must be kept in mind that the neuromuscular control of the knee and ankle of 
the amputated limb does not exist in TF amputees, and their control of the hip joint 
decreases due to the loss of muscle and the lever arm (the length of the femur) resulting 
from amputation. Hence, most of the compensatory adjustments will be seen in the IL 
(Winter, 1987).  
The results of this study indicate the effect of insoles on several biomechanical variables. 
The COP-BOS lateral border distance increased in the non-amputees’ right (dominant) 
limb after using insoles. The greater distance is considered to be a better balance 
condition. The insoles increased the plantar flexion at the initial stance for the non-
amputee participants. This might have been due to the compression of the heel shock 
absorber. The insoles decreased the vertical loading rate of the non-amputees, who had 
a higher speed compared to the amputee participants. As walking is repeated thousands 
of times in the routine life of every human, and the lower limb amputees rely more on 
their ILs, the positive effect of insoles use in removing the impact force on the IL might 
be beneficial for preventing overuse of and repetitive stress injuries to this limb. However, 
the effect of insoles on joint powers seemed complicated and inconsistent, which shows 
the need for more investigation into the effect of insoles use on other biomechanical 
variables, such as muscle activities. It is worth remembering that the propulsion powers 
(AP2, KP3 and HP3) of the PL had the smallest magnitude among the limbs. This is not 
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surprising because of the use of passive prosthetic devices by the participants. The 
adaptation in the IL was observed in the form of larger KP3 and HP3 than in non-
amputees. The AP2 for the IL was smaller than in non-amputees but the difference was 
not significant, which shows its normal role. To have the largest magnitude of HP1 (which 
is an indicator of the extensor muscles’ concentric contraction) in the IL might be 
considered another adaptation of the TF amputee participants in this study. It shows that 
they relied extensively on their hip extensor muscles to provide limb stability during the 
initial stance. The insoles did not affect these main powers. Instead, a reduction was 
seen in the plantar-flexor moment of the IL after insoles use. The insole use led to 
increased dorsi-flexor moment differences between limbs. An increase was observed in 
the ankle power absorption of non-amputees’ right limb after insoles use. The insole use 
decreased the variability of the hip flexor moment in non-amputees and, consequently, 
its difference, with the IL smaller moment increasing. Among powers, only the ankle 
power’s absorption of the non-amputee’s right limb increased after insoles use.  
In spite of observing very limited evidence of insoles effectiveness on the biomechanical 
variables, the participants admitted to having felt better after the long-term (four weeks) 
use of the insoles, according to the qualitative self-reporting evaluation of the insoles 
(Table 4.23). Thought-provoking, (Castro et al., 2014) observed greater pressure in the 
latter and mid part of the IL of TF amputees’ foot soles during their stance. It has been 
reported that insoles with a high medial wall corrected the alignment of the rear/forefoot 
in persons with flat foot (Dehghani and Saeedi, 2015). The mechanical effects of insoles 
might include their support for the feet’s neutral structure, providing even pressure 
distribution and reducing impact in walking (Hatton, A.L. et al., 2013). Hence, and as the 
main outdoor activity of the participants was walking, the reported positive feeling after 
long-term use of the insoles (with their short heel cap and medial arch, the initial effects 
of which can be on the rear and midfoot) might be due to their providing better foot 
pressure distribution. Therefore, the positive view of the participants might have been 
derived from either the effect of the insoles on non-studied variables (such as muscle 
activities) or changes in the current biomechanical variables, which might be seen after 
long-term use of the insoles. Particularly regarding amputees who have established 
motion strategies to adapt to limb loss and prosthetic device usage and who received 
their first prosthetic device many years earlier, more time may be needed for them to 
adjust to a small intervention such as insoles. It is also possible that the insoles had 
positive psychological effects on the participants or they had been unaware of mild feet 
issues, such as mild/flexible flat foot, which were reformed by the insoles, and which led 
to their positive judgment about them. In my opinion, it is worth considering the insoles 
as a less expensive and easier intervention in the support of the IL and as assistance 
contributing to the improvement of functionality in lower limb amputees. Surely, the 
effectiveness of insoles needs further clinical and biomechanical evaluation. 
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 Finally, it is worth remembering that the replacement of lost parts with an artificial limb 
for LLAs requires adjustments so that they may utilize a device integrated with the body 
and which is not under the control of the biological system. Lower limb amputees learn 
how to use their prosthetic devices and their IL to optimise their locomotion. Normally, 
amputees receive a gait training program after receiving their first prosthesis. It is 
fascinating to know that amputees number 2 and 8 did not have training for walking after 
receiving their first prosthetic devices (according to their answers to the survey 
questions). Amputee number 2 did not have any particular walking deviation, which 
differentiated him from the other amputee participants. But, according to his answer to 
the survey, he was the only participant with a high level of worry about falling, and he 
had experienced six falling experiences during the 12 months prior to the study, which 
was the highest number of falling events among the four faller participants. Amputee 
number 8 had several walking deviations (bent slightly forward, bending laterally on both 
limbs but more prominently on the prosthetic limb during the single support phases) and 
a lower functional level. He also had outlier values in the amputee group for mediolateral 
COM displacement. These might be key points, and they must be specifically considered 
in lower limb amputees’ gait training. As for gait training, different studies have shown 
that walking re-educational programs (Sjodahl et al., 2002), treadmill training (Darter et 
al., 2013) and a personalized exercise program with a focus on improving muscle 
strength and walking endurance (Schafer et al., 2016) improved walking speed, 
symmetry of walking, and the function of both limbs in terms of joint powers and moments 
in experienced lower limb amputees. It is worth remembering that proper rehabilitation 
programs are more effective than prosthetic components in the improvement of lower 
limb amputees’ walking (Jarvis et al., 2017). Accordingly, it is suggested that, in addition 
to the necessary walking training after receiving a prosthetic device, it would be beneficial 
to perform regular walking assessments and offer retraining programs (including those 
for muscle strength and walking deviation corrections) to improve walking among LLAs. 
It might be beneficial to add insoles to such rehabilitation programs, particularly in the 
early stages of receiving a prosthetic device and in gait training. Additional foot 
assessment or the provision of custom-made insoles might also be needed.  
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Chapter 5  
Study 3-Lower Limb Amputees’ Perturbed Standing Balance 
5.1 Introduction 
Improved life expectancy (WHO, 2016), age-associated vascular problems (Fowkes et 
al., 2017), a growing rate of people with diabetes (WHO, 2017), military conflicts in 
different parts of the world and severe accidents are associated with different health-
related deficiencies, including lower limb amputations. As the primary task of the lower 
limbs is locomotion, and their absence initially affects this aspect of routine life, there is 
a heavy focus on the design of prosthetic components and the improvement of the 
biomechanics and functionality of present designs. It is important to remember that 
unilateral lower limb amputation also affects the intact limb (IL) as a result of adaptation 
strategies employed during prosthesis use to compensate for the lack of complete 
natural performance of the prosthetic device. In addition, lower limb amputees are at a 
higher risk of falling (Kulkarni et al., 1996; Buckley et al., 2002; Hunter et al., 2017). A 
major part of biomechanical studies tries to determine the kinematics, kinetics, ground 
reaction forces (GRF) components and centre of pressure (COP) changes during LLAs’ 
locomotion in order to investigate these adaptations after amputation and after prosthesis 
use, or to compare and evaluate the biomechanical differences of various prosthetic 
components (e.g., the ankle-foot and knee joints). In the light of the studies related to the 
effectiveness of insoles in Chapter 2, and the problems LLAs are facing in their daily 
lives, which was investigated in detail in Chapter 3, this study was designed to investigate 
the biomechanical characteristics of perturbed balance in unilateral AK prosthesis users, 
and to examine the possibility of balance improvement based on the use of insoles in 
their IL. By increasing the knowledge about effective postural responses, it will be 
possible to help in falls prevention and in the treatment programs of amputees (Vanicek, 
N. et al., 2009b). The ability of a person to maintain balance might be tested during a 
static posture, moving tasks or an external perturbation. Many of the studies related to 
the balance of LLAs have been conducted during quiet standing on a stable force 
platform. However, it is reasonable to suggest that falls frequently occur due to the 
influence of external perturbation or the disturbance of balance. For TF amputees, an 
external perturbation is challenging as their balance is affected by the lack of muscular 
control of ankle and knee joints, in addition to the structural deficiency of some muscles 
working in the hip joint of the affected side. Some studies of balance perturbation have 
used disturbances of the support surface, such as balance boards or instrumented 
treadmills, etc. However, these techniques need additional complex and/or expensive 
equipment, and balance on moving surfaces are not the only challenging situations in 
which people with balance problems may fall. It has been shown that LLAs face the most 
difficulties in balance control in the anteroposterior direction (Vrieling et al., 2008b). In 
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this study, therefore, a front/back-pulling load was applied to the waist of participants to 
act as perturbation of quiet standing in the anteroposterior direction. It could be said to 
simulate being pushed or being bumped into in a crowd. This perturbation method has 
been used only in one balance study of below-knee prosthesis users (Curtze et al., 
2012), and no similar study has been found related to the assessment of TF amputees’ 
perturbed standing balance. The following three objectives were the main goals of this 
study, and these will be presented in this chapter:  
1- To characterise the biomechanics of perturbed standing balance by evaluating the 
CoP/COM/net COP displacements and their inter-relationships, the ground reaction 
force changes, and the ankle and hip moment changes during front/back 
pulling/releasing load as perturbation conditions; 
2- To determine the differences between the perturbed balance of unilateral AK 
prosthesis users and non-amputees in terms of the mentioned variables; 
3- To investigate whether insoles for both sides of non-amputees and the IL of amputees 
affect these variables? 
The following hypotheses were considered based on the aims of this chapter: 
1- There are significant differences between “paired biomechanical variables (related 
to both lower limbs)” including: 
o The amplitude of each limb’s COP displacements (in anteroposterior and 
mediolateral directions)  
o The amplitude of distance between each limb’s COP and COG 
o The amplitude of each limb’s GRF (anteroposterior, mediolateral, vertical forces) 
o The load sharing of each limb one second before load release (anteroposterior, 
mediolateral vertical forces)  
o The load sharing of each limb five seconds after load release (anteroposterior, 
mediolateral vertical forces)  
o The amplitude of the joint (ankle and hip) moments in the sagittal plane due to 
load release  
o The contribution of the ankle and hip of each limb in the SUM moment one second 
before load release  
o The contribution of the ankle and hip of each limb in the SUM moment five 
seconds after load release  
of the IL and prosthetic limb (PL) of amputee participants in each perturbation 
condition, without insoles (comparing the IL and PLs of amputees). 
2- No significant differences exist between the “paired biomechanical variables 
(related to both lower limbs)” (mentioned in hypothesis 1) of the amputee participants’ 
limbs in standing balance against a back-pulling load and front-pulling load 
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(comparing two perturbed standing balance conditions of the amputees) in without 
insoles condition 
3- There are no significant differences between the “paired biomechanical variables 
(related to both lower limbs)” (mentioned in hypothesis 1) of the right and left limbs 
of the non-amputee participants in each perturbation condition in without insoles 
condition (comparing the right and left limbs of non-amputees) 
4- No significant differences exist between the “paired biomechanical variables 
related to both lower limbs” (mentioned in hypothesis 1) of the non-amputee 
participants’ limbs in standing balance against a back-pulling load and front-pulling 
load (comparing two perturbed standing balance conditions of non-amputees) in 
without insoles condition 
5- There are significant differences between the “paired biomechanical variables 
related to both lower limbs” (mentioned in hypothesis 1) of non-amputee and 
amputee participants’ limbs in each perturbation condition (comparing the balance of 
amputees and non-amputees in two perturbation conditions)  
6- No significant differences exist between the “individual biomechanical variables” 
including: 
o The amplitude of the COM displacements (in anteroposterior and mediolateral 
directions) 
o Amplitude of the net COP displacements (in anteroposterior and mediolateral 
directions) 
o Amplitude of the distance between the COP of the two feet 
o Amplitude of the Sum moment 
of amputee participants in standing balance against a back-pulling load and front-
pulling load (comparing two perturbed standing balance conditions of amputees) in 
without insoles condition 
7- No significant differences exist between the “individual biomechanical variables” 
(mentioned in hypothesis 6) of the non-amputee participants in standing balance 
against a back-pulling load and front-pulling load (comparing two perturbed standing 
balance conditions of non-amputees) in without insoles condition 
8- There are significant differences between the “individual biomechanical variables” 
(mentioned in hypothesis 6) of non-amputee and amputee participants in each 
perturbation condition (comparing the balance of amputees and non-amputees) 
9- The use of insoles does not change the “paired” and “individual” biomechanical 
variables (listed in hypothesis 1 and 6) of non-amputees in each perturbation 
condition 
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10- The use of insoles leads to the reduction of the observed differences between 
amputees’ IL’s paired biomechanical variables (listed in hypothesis 1) and their 
“individual biomechanical variables (listed in hypothesis 6) with non-amputees in two 
perturbations and without insoles condition 
 
5.2 Methodology 
The inclusion/exclusion criteria, participant recruitment procedure and their 
characteristics, in addition to the selected insoles features have been explained in 
Chapter 4, the Methodology section.  
 
5.2.1.1 Participant data 
The characteristics of the participants have been presented in the “Participants’ data” 
section of Chapter 4.  
All the amputee participants in the biomechanical study replied to the survey questions 
(presented in Chapter 3). In spite of the small size of the sample, which makes statistical 
analysis ineffectual, some facts can be derived about their balance and function from 
their responses in the survey. The results related to the PEQ-M and ABC scale 
questionnaire have been discussed in Chapter 4. Table 5.1, indicates that the amputee 
participants in the biomechanical tests had fewer problems and better PEQ scores than 
the average data of the participants in the survey (Chapter 3). However, the trends were 
similar; for example, those with pain (two subjects had phantom pain and three had 
phantom and stump pain) had relatively poor balance scores compared to those without 
pain. The majority of the participants (seven out of 11) had IL pain, and the ABC score 
was higher than 80 for those who did not suffer this pain.  
Nine out of 11 participants were worried about falling, five of them reported a falling 
experience in the previous 12 months, and the same number had ABC scores <67 (at 
risk of falling).  
 
5.2.2 Procedure  
The motion analysis systems and the protocol of the participants’ preparation for the 
biomechanical tests, including marker placement, have been laid out in Chapter 4. 
5.2.2.1.1 Test Sessions  
As mentioned in the “test sessions” section of Chapter 4, the tests were conducted in 
two experimental conditions of with and without insoles inside the shoes. Each test 
session included a range of daily activities, of which results from the standing balance 
tests are represented in this chapter. 
148 
 
Table 5.1 Relation between the scores and several aspects of the prosthetic use among amputee participants  
  ABC score Oswestry score Mobility score 
(PEQ-M) 
QOL score Prosthesis 
Satisfaction score 
Prosthesis 
evaluation 
  Mean  median Mean (n) median Mean  median Mean  median Mean  median Mean  median 
Phantom pain 
(n) 
Yes (2)  65  65 27 (2) 22.2 4.5* 4.5 5* 5 4.54* 4.54 4.3* 4.3 
No (9) 67.71  72 28.87 (3) 27 6.86* 7.23 8.89* 10 7.89* 8.25 8.08* 7.96 
Stump pain (n) Yes (3) 58.75 61.2 24.67 (3) 30.55 4.33* 4 4.67* 4 5.03* 6 5.03* 6.48 
No (8) 70.4 72.5 33.3 (2) 20 7.22* 7.3 9.5* 10 8.12* 8.35 8.28* 8.015 
Intact limb 
pain (n) 
Yes (7) 58.22* 59.4 28.12 (5) 22.2 5.44* 5.77 7.14* 8 6.41* 7 7.02 5.82 
No (4) 87.77* 85   8.17* 7.73 10* 10 8.81* 9.12 8.82 8.69 
Falling 
experience (n) 
Yes (5) 64.9 61.2 24.05 (4) 22.1 5.37* 5.77 6.4* 8 6.41* 7 6.43* 6.51 
No (6) 69.2 72.5 44.4 (1) 44.4 7.32* 7.3 9.67* 10 8* 8.25 8.2* 8.01 
Walking aid 
use some 
times (n) 
Yes (3) 49.4* 46.2 28.8 (3) 22 5.33 4.85 7.33 8 6.33 6 6.67 6.51 
No (8) 73.9* 72.5 27.1 (2) 27.1 6.85 7.3 8.5 10 7.63) 8.25 7.67 8.01 
Worried about 
falling (n) 
Yes (9) 63.1* 61.2 28.12 (5) 22.2 6.16 6.85 7.78 10 7.01 7.75 7.12 7.33 
No (2) 89.52* 85.9   7.65 7.65 10 10 8.5 8.5 8.63 8.63 
LBP (n) Yes (5) 55.1* 58.7 28.12 (5) 22.2 4.72* 4.85 6* 8 5.46* 6 5.97* 6.5 
No (6) 77.3* 77.5 NA NA 7.86* 7.5 10* 10 8.79* 8.75 8.58* 8.48 
Risk of falling 
(n) 
High (5) 53.2* 58.7 27.15 (4) 11.54 5.88 5.77 8 8 7.05 7 7.33 7.02 
Lower (6) 78.8* 77.5 32 (1)  6.9 7.3 8.33 10 7.47 8 7.45 8.01 
Total mean N=11 67.22 68.75 28.12 (5) 22.2 6.43 7.15 8.18 10 7.28 7.75 7.4 7.75 
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Perturbed standing balance was simulated in backward and forward falling situations: 
the participants stood against a pulling load under open-eyes and closed-eyes conditions 
separately, with a comfortable and stable erect posture with feet shoulder-width apart 
and each foot on one force platform. Two similar pieces of equipment (Iran and Leeds 
sites) were designed to apply the pulling load to the front and back of the participants’ 
waists during the tests. The participant stood 2-3 m distant from the perturbation system. 
The design of the equipment was adapted from Curtze et al. (2012) study. There was a 
cubic aluminium frame (height: 1.05 m, length: 0.8 m, wide: 0.4 m) with a pulley over 
which a rope was draped and attached to a hanging weight held in place by a release 
mechanism. Attached to the release mechanism was a second, longer, rope connected 
to the subject’s waist. The release mechanism was an electromagnet component in the 
Leeds equipment and a mechanical pin in the Iranian equipment. A weight equal to 2.5% 
of the subject’s body weight was used as the pulling load (Curtze et al., 2012) (Figure 
5.1).  
 
Figure 5.1 Schematic design of front/back-pulling apparatus, adapted from (Curtze 
et al., 2012)  
 
A marker was attached to the rope to indicate the load release moment in later image 
processing. The load was released by a test performer 15-30 seconds after the 
participant had standing balance to simulate perturbation in the form of a backward fall 
(front-pulling test) or a forward fall (back-pulling test). The participant was asked to 
continue standing until a rest command was given by the test performer 15-30 seconds 
following the load release. The whole-time duration was 60-65 seconds for non-
amputees and less than 40 seconds for amputee participants due to the difficulty of 
standing for an extended period of time. Three tests were conducted in each combination 
of the open/closed-eyes condition and front/back-pulling load applications. A ceiling rail 
and safety harness were used to prevent possible falls during the tests in the Leeds 
150 
 
sessions. In the Iranian sessions, the ceiling rail was not available; thus, a person stood 
near to the participants to catch them in the case of a possible fall situation.  
After each test, to prevent fatigue, the subjects were asked if they needed to take a rest 
or not. There was a two-minute interval at least between every two tests. A follow-up 
session was designed to evaluate the long-term (after four weeks) insole use. 
Participants were asked to wear the same shoes during the follow-up tests. Three above-
knee amputees and 11 non-amputee participants completed the follow-up sessions.  
An evaluation of the reliability and repeatability of the perturbation system has been 
presented in Appendix H. 
 
5.2.3 Data Analysis 
Data analysis, including marker tracking and body model building, has been explained 
in Chapter 4.  
The open-eyes perturbed standing balance was fully analysed to be presented in this 
chapter but the results of the closed-eyes tests are not presented here. Each test was 
monitored after applying the body model in Visual 3D and the tests with foot 
displacement during the recorded time period were withdrawn. The marker fixed on the 
rope to identify the load release moment was not recognized in any of the tests; therefore, 
anteroposterior total force diagrams of each test were used to indicate the load release 
time instant. A gross and sudden change in the diagram was considered to be the load 
release point. The duration of the analysis period was considered one second before 
and five seconds after this time point (Figure 5.2).  
The Butterworth low pass filter with a cut-off frequency of 6Hz has been applied to the 
3D coordinates of the markers (Winter, 2005), and the same filter with a cut-off frequency 
of 5Hz was applied to the COP raw data (Bateni, 2013). After defining the events and 
applying the filter, the appropriate pipelines were executed in the Visual 3D to extract the 
basic variables ( 
Table 5.2).  
Table 5.2 The basic variables extracted in Visual 3D software 
Test Variables Description 
Standing balance  
(1 second before load 
release to 5 seconds 
after it) 
Kinetics Ankle and hip sagittal/coronal joint moments 
GRF magnitude in 3 directions for each side 
Kinematics Anteroposterior and Mediolateral displacements of COP for 
each foot 
COM displacements in sagittal and coronal planes 
151 
 
 
Figure 5.2 Indicating 3 main events in anteroposterior total force diagram in 
standing balance tests: 1 second before load release, load release moment, and 5 
seconds after load release  
 
5.2.3.1 Study’s variables 
As was mentioned in the literature review, the COP and COM related quantities are 
traditional variables for the evaluation of balance. The net effect of muscle activity at a 
joint can be calculated in terms of net muscle moments (Winter, 1995). Motion analysis 
software computes moments by using kinematics data and ground reaction forces. The 
hip and ankle joints have key roles in maintaining standing balance without stepping via 
the ankle or hip strategies. In addition, (Curtze et al., 2012) introduced the Sum of 
Moment variable to judge the contribution of the ankle and hip moments of both lower 
limbs to balance, In addition, there is the GRF magnitude (anteroposterior, mediolateral, 
vertical forces). The final variable (Table 5.3) for comparing participants and test 
conditions was developed by applying a calculation formula to the basic variables ( 
Table 5.2) in Microsoft Excel 2013.  
The sum moment was calculated as a representative of the role of the hip and ankle in 
producing the moment in perturbed standing balance. The amplitude for each variable 
was calculated by the subtraction of its minimum from its maximum values. The Sum 
moment components were determined by adding the same direction hip and ankle joint 
moments of both lower limbs (Equation 5.1) (Curtze et al., 2012). X indicates the 
flex/extension:  
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𝑆𝑢𝑚 𝑀𝑜𝑚𝑒𝑛𝑡𝑥 = 𝑅𝑖𝑔ℎ𝑡 𝐻𝑖𝑝 𝑗𝑜𝑖𝑛𝑡 𝑀𝑜𝑚𝑒𝑛𝑡𝑥 + 𝐿𝑒𝑓𝑡 𝐻𝑖𝑝 𝑗𝑜𝑖𝑛𝑡 𝑀𝑜𝑚𝑒𝑛𝑡𝑥
+ 𝑅𝑖𝑔ℎ𝑡 𝐴𝑛𝑘𝑙𝑒 𝑗𝑜𝑖𝑛𝑡 𝑀𝑜𝑚𝑒𝑛𝑡𝑥 + 𝐿𝑒𝑓𝑡 𝐴𝑛𝑘𝑙𝑒 𝑗𝑜𝑖𝑛𝑡 𝑀𝑜𝑚𝑒𝑛𝑡𝑥  
Equation 5.1 
 
Table 5.3 The final calculated variables for standing balance tests 
Variables Description 
Kinetics Peak value and amplitude of changes for Ankle and Hip Sagittal joint moments 
Peak value and amplitude of changes for Sum Moment in Sagittal/ planes 
Percentage of each ankle and hip joint contribution in Sum moment during Max-Min moment 
changes in Sagittal/coronal planes 
Peak value and amplitude of changes for GRF magnitude in 3 directions for each side 
Each side contribution in experienced forces during Max-Min changes, 1st second and 5 
seconds after load release 
Kinematics Anteroposterior and Mediolateral displacements of right/left CoP 
Anteroposterior and Mediolateral displacements of net CoP 
Anteroposterior and Mediolateral displacement of COM 
The amplitude of changes for COPnet-each foot COP resultant distance 
The distance between COP of right/left feet during 1st second and 5 seconds after load release 
The distance between net COP and COG during 1st second and 5 seconds after load release 
 
The X and Y components of the net COP, as indicators of the anteroposterior and 
mediolateral displacements of the variable, were calculated from the COP of each foot 
and the vertical GRF (Equation 5.2 and Equation 5.3) (Winter, 1995): 
𝐶𝑂𝑃𝑛𝑒𝑡𝑥 = 𝑅𝑖𝑔ℎ𝑡 𝐶𝑂𝑃𝑥
𝑅𝑖𝑔ℎ𝑡 𝐺𝑅𝐹𝑧
𝑅𝑖𝑔ℎ𝑡 𝐺𝑅𝐹𝑧 + 𝐿𝑒𝑓𝑡 𝐺𝑅𝐹𝑧
+ 𝐿𝑒𝑓𝑡 𝐶𝑂𝑃𝑥
𝐿𝑒𝑓𝑡 𝐺𝑅𝐹𝑥
𝑅𝑖𝑔ℎ𝑡 𝐺𝑅𝐹𝑧 + 𝐿𝑒𝑓𝑡 𝐺𝑅𝐹𝑧
 
Equation 5.2 
𝐶𝑂𝑃𝑛𝑒𝑡𝑦 = 𝑅𝑖𝑔ℎ𝑡 𝐶𝑂𝑃𝑦
𝑅𝑖𝑔ℎ𝑡 𝐺𝑅𝐹𝑧
𝑅𝑖𝑔ℎ𝑡 𝐺𝑅𝐹𝑧 + 𝐿𝑒𝑓𝑡 𝐺𝑅𝐹𝑧
+ 𝐿𝑒𝑓𝑡 𝐶𝑂𝑃𝑦
𝐿𝑒𝑓𝑡 𝐺𝑅𝐹𝑧
𝑅𝑖𝑔ℎ𝑡 𝐺𝑅𝐹𝑧 + 𝐿𝑒𝑓𝑡 𝐺𝑅𝐹𝑧
 
Equation 5.3 
The resulting values were calculated by using the x and y components of the desired 
variables’ coordinates in Equation 5.4: 
𝑅𝑒𝑠𝑢𝑙𝑡𝑎𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 = √(𝑥𝐵 − 𝑥𝐴)2 + (𝑦𝐵 − 𝑦𝐴)2 Equation 5.4 
The normalized displacements of the CoP, COM and net COP are relative values to the 
initial position of these variables at the point of one second before load release. 
 
5.3 Results 
In this study, the biomechanical variables of perturbed standing balance against a front 
or back-pulling load in TF amputees and non-amputee participants were investigated. 
The load release, in the front and back-pulling sessions respectively, induced backwards 
and forward fall tendency. The moderate load (2.5% of body weight) was chosen, 
assuming it would allow the participants to regain their balance without stepping (Curtze 
et al., 2012); that is, without completely lifting the foot and repositioning it to change the 
base of support. However, some of the participants responded to the load release by 
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raising the heel and going on to the toes in back-pulling or by using forefoot raise and 
going onto the heels in front-pulling on the intact side. The reactive movement of the 
prosthetic foot, when it occurred, tended to be a turning of the foot or a short relocation 
movement. The data in cases of relocation of the foot were eliminated. 
The biomechanical results of perturbed open-eyes standing balance are presented in 
two main parts: kinematics (including the results related to the COP and COM) and 
kinetics (including the moments and forces). The variables were extracted for the time 
period of one second before and five seconds after perturbation. The tests consisted of: 
two perturbation conditions – maintaining balance against a back-pulling load (called BB) 
and maintaining a balance against a front-pulling load (called FB) - and in two insoles 
conditions - without insoles (called S1) and with insoles (called S2). The mean values of 
each variable during the repeated tests for each participant were used to compare the 
two subject groups: insoles use and perturbation conditions. Just as in the level walking 
tests, as it is a study with an intervention (insoles conditions as pre-post) and with a 
control group (non-amputees), mixed between-within subjects ANOVA (2 limbs ×2 
groups × 2 insoles conditions× 2 perturbation conditions) was utilized to compare groups-
limbs-insoles conditions. As follow-up data of only three amputee participants was 
collected, the comparison between the two groups is conducted for with and without 
insoles sessions. However, the effect of insoles in the follow-up sessions of 11 non-
amputees will be investigated. 
 
5.3.1 Kinematics 
5.3.1.1 COP  
The derived variables related to the COP included the amplitude of COP displacements 
(the difference between the maximum and minimum values of the COP in the 
anteroposterior and mediolateral directions) and the linear distance between the right 
and left centres of pressure. 
 
5.3.1.1.1 COP displacements 
Figure 5.3 represents the normalized anteroposterior displacement of the COP (relative 
to the initial position of the CoP, one second before load release) and shows that in back-
pulling balance, the COP position of the non-amputees and the IL of the amputees 
followed a similar pattern. But the pattern was asymmetrical for the intact and prosthetic 
side of the amputees. The COP, located in the rear foot and after load release, moved 
toward the forefoot. After balance was retained, it moved a little backward and remained 
in front of the ankles. But in the prosthetic side, in addition to the smaller anteroposterior 
displacement of the COP following load release and the less sharp slope of change, its 
position changed only during load release and had almost the same position before and 
after this event (Figure 5.3-B).  
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A 
 
B 
Figure 5.3 Normalized anteroposterior COP displacement during back-pulling 
perturbation, A: Non-Amputees, B: Amputees  
 
The front-pulling perturbation exhibited a contrary pattern. The COP was located in the 
forefoot and, in reaction to load release, it moved toward the heels and moved forward 
a little after balance was regained (Figure 5.4). The anteroposterior COP displacement 
in the prosthetic feet was smaller and the same as the back-pulling balance and the 
initial/final position was almost the same (Figure 5.4-B). 
 
A 
 
B 
Figure 5.4 Normalized anteroposterior COP displacement during front-pulling 
perturbation, A: Non-amputees, B: Amputees  
155 
 
The mediolateral displacement of the COP in the back-pulling perturbation is shown in 
Figure 5.5. As expected, the size of the displacement was very small for the prosthetic 
side of the amputees and it took more time to reach its peak (the shallower slope). But, 
in spite of the similar pattern of changes, its magnitude seems larger for the IL of the 
amputees when compared to the non-amputees. Initially, it was located laterally and, 
after load release, it moved medially. 
 
A 
 
B 
Figure 5.5 Normalized mediolateral COP displacement during back-pulling 
perturbation, A: Non-Amputees, B: Amputees  
 
In the front-pulling perturbation, the COP in both feet of all participants was initially 
located medial and moved laterally after load release. As in the back-pulling sessions, 
the prosthetic side had a very small amount of displacement and took more time to reach 
its peak (the smaller slope). Again, the amount seems larger for the IL of amputees in 
comparison to non-amputees. In addition, it seems it move closer to this position before 
load release (Figure 5.6).  
In all tests conditions, the amplitudes of the COP displacements (max-min values) were 
larger for the IL of the amputees in comparison to the magnitudes on the prosthetic side 
and of the non-amputees, which indicates the amputees’ obvious asymmetrical COP 
displacements. The magnitudes of the COP displacements on the prosthetic side were 
smaller than for the IL of amputees and for both sides of the non-amputees (Table 5.4). 
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A 
 
B 
Figure 5.6 Normalized mediolateral COP displacement during front-pulling 
perturbation, A: Non-Amputees, B: Amputees  
 
Table 5.4 Amplitude of COP displacements during standing balance against back/ 
front-pulling loads 
 Prturbation condition 
  Balance against back pulling 
load (BB) 
Balance against front pulling 
load (FB) 
  limb Ant/post 
Dis. (m) 
SD Med/lat 
Dis. (m) 
SD Ant/post 
Dis. (m) 
SD Med/lat 
Dis. (m) 
SD 
A
m
p
u
te
e
s
 
S1 
(n=11) 
Prosthetic 0.021 0.009 0.005 0.003 0.023 0.011 0.009 0.008 
Intact 0.076 0.017 0.018 0.011 0.070 0.022 0.023 0.012 
S2 
(n=11) 
Prosthetic 0.019 0.009 0.006 0.003 0.030 0.013 0.007 0.004 
Intact 0.077 0.020 0.018 0.010 0.071 0.021 0.021 0.012 
Follow-up 
(n=3) 
Prosthetic 0.022 0.006 0.007 0.001 0.029 0.022 0.008 0.003 
Intact 0.078 0.026 0.016 0.012 0.071 0.010 0.018 0.007 
N
o
n
-A
m
p
u
te
e
s
 S1 
(n=14) 
Left 0.058 0.017 0.011 0.006 0.049 0.016 0.010 0.007 
Right 0.058 0.023 0.013 0.008 0.055 0.015 0.012 0.007 
S2 
(n=14) 
Left 0.065 0.022 0.010 0.005 0.066 0.015 0.012 0.006 
Right 0.065 0.026 0.011 0.007 0.066 0.021 0.013 0.007 
Follow-up 
(n=11) 
Left 0.071 0.013 0.014 0.008 0.064 0.016 0.013 0.009 
Right 0.065 0.023 0.015 0.010 0.064 0.016 0.01 0.006 
S1: without insoles, S2: with insoles, Follow-up: after at least 4 weeks of using insoles, Dis.: 
displacement 
 
There was a significant difference between the groups’ anteroposterior amplitude of COP 
displacement: Pillai's trace = 0.747, F(3, 20) = 19.72, p<0.001, the partial eta squared 
effect = 0.75; in addition, between the intact and prosthetic side of the amputees: Pillai's 
trace = 0.753, F(3, 20) = 20.33, p<0.001, partial eta squared effect = 0.75; and between 
the insoles sessions of non-amputees: Pillai's trace = 0.774, F(1, 22) = 6.42, p = 0.019, 
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partial eta squared effect = 0.23. The insole use had no effect on the amputees but it 
increased the displacement in the non-amputee group, and made it more symmetrical 
between the right and left feet (Table 5.4). When comparing the three sessions of insole 
use in the non-amputee group (without insoles, using insoles and after at least four 
weeks’ use), there were no significant differences between the anteroposterior 
displacements of the COP in the back-pulling perturbation (p=0.655) and the insoles 
sessions (p=0.11). However, the insoles sessions saw a significant increase in the 
displacement during front-pulling perturbation: F= 5.363, p = 0.014, partial eta squared 
effect = 0.349. 
A significant difference was observed between the groups’ mediolateral amplitude of 
COP displacement: Pillai's trace = 0.436, F(3, 20) = 5.15, p = 0.008, partial eta squared 
effect = 0.44; in addition, between the intact and prosthetic side of amputees: Pillai's 
trace = 0.551, F(3, 20) = 8.19, p = 0.001, partial eta squared effect = 0.55. The amount 
of mediolateral COP displacement was significantly larger for the IL in comparison to the 
PL and to the non-amputees’ feet (Table 5.4). The insole use did not affect the 
mediolateral displacement of the COP in two perturbation sessions (p=0.889) and groups 
(p=0.424).  
 
5.3.1.1.2 Distance between COP of right/left feet  
The distance between the feet COP was calculated by using each foot’s COP as a point 
with x and y coordinates in Equation 5.4. The magnitudes were extracted for the 1st 
second of balance before load release, five seconds after load release, and the 
amplitude of its change. These can be considered an estimation of the base of support 
width and how the weight shifts to the lateral or medial part of the feet in various test 
conditions. The differences between the amount before and after load release are 
matched with the observed mediolateral COP displacements. In front-pulling, after the 
load release, the COP moved medially, which led to a decrease in the distance between 
the two feet’s CoP. In contrast, the COP moved laterally in back-pulling, and the distance 
increased. The use of insoles decreased the distance but it was not statistically 
significant (Figure 5.7).  
The mixed between-within subjects ANOVA test showed no significant difference 
between the amplitude of distance changes between the two feet (according to their 
COP) due to load release in groups, or in the two perturbation (p=0.108) and insoles 
sessions (p=0.688) for both groups (Table 5.5).  
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A 
 
B 
Figure 5.7 Changes of distance between right and left CoP, A: Non-Amputees, B: 
Amputees (BB: back-pulling balance, FB: front-pulling balance) 
 
The average distance between the two COPs during one second before load release 
was bigger for the back-pulling tests in comparison to the front-pulling of amputees: 
Wilks’ lambda = 0.77, F(1, 22) = 6.72, p = 0.017, partial eta squared effect = 0.234. The 
test showed no significant difference between the variable among groups (p=0.81) and 
insoles sessions (p=0.106) (Table 5.6). 
Table 5.5 Amplitude of changes in distance between 2 feet’s COP  
 Test condition Mean (m) SD Median Min-Max 
A
m
p
u
te
e
s
 
BB-S1 (n=11) 0.025 0.010 0.025 0.01-0.05 
BB-S2 (n=11) 0.024 0.013 0.021 0.01-0.05 
BB-Follow up (n=3) 0.025 0.011 0.029 0.01-0.03 
FB-S1 (n=11) 0.029 0.011 0.031 0.01-0.04 
FB-S2 (n=11) 0.030 0.010 0.029 0.01-0.04 
FB-Follow up (n=3) 0.025 0.008 0.022 0.02-0.03 
N
o
n
-A
m
p
u
te
e
s
 BB-S1 (n=14) 0.024 0.013 0.025 0.01-0.05 
BB-S2 (n=14) 0.023 0.011 0.024 0.01-0.04 
BB-Follow up (n=11) 0.029 0.018 0.029 0-0.06 
FB-S1 (n=13) 0.023 0.014 0.020 0.01-0.05 
FB-S2 (n=14) 0.025 0.011 0.028 0-0.05 
FB-Follow up (n=11) 0.023 0.014 0.018 0.01-0.05 
BB: balance during back-pulling, FB: balance during front-pulling, S1: without insoles, S2: 
with insoles, Follow-up: after at least 4 weeks of using insoles 
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Similar to the results of the distance between the two COPs during one second before 
load release, the average distance between the two COPs during the five seconds after 
load release was larger for the back-pulling in comparison to front-pulling of amputees: 
Wilks’ lambda = 0.44, F(1, 22) = 28.24, p<0.001, partial eta squared effect = 0.562. The 
test showed no significant difference between the variable among the perturbation 
sessions of the groups (p=0.283) or in insole use (p=0.79) for both groups (Table 5.6). 
Table 5.6 Average distance between 2 feet’s COP during 1 second before and 5s 
after load release 
  Distance between 2 feet’s COP 
  1s before load release 5s before load release 
 Test condition Mean (m) SD Mean (m) SD 
A
m
p
u
te
e
s
 
BB-S1 (n=11) 0.296 0.039 0.306 0.036 
BB-S2 (n=11) 0.294 0.047 0.305 0.043 
BB-Follow up (n=3) 0.307 0.053 0.319 0.054 
FB-S1 (n=11) 0.284 0.025 0.277 0.026 
FB-S2 (n=11) 0.278 0.041 0.272 0.042 
FB-Follow up (n=3) 0.284 0.025 0.282 0.023 
N
o
n
-A
m
p
u
te
e
s
 BB-S1 (n=14) 0.277 0.044 0.267 0.044 
BB-S2 (n=14) 0.262 0.047 0.273 0.047 
BB-Follow up (n=11) 0.261 0.047 0.278 0.047 
FB-S1 (n=13) 0.266 0.048 0.257 0.051 
FB-S2 (n=14) 0.254 0.052 0.248 0.054 
FB-Follow up (n=11) 0.253 0.048 0.245 0.046 
BB: balance during back-pulling, FB: balance during front-pulling, S1: without insoles, S2: 
with insoles, Follow-up: after at least 4 weeks of using insoles 
 
5.3.1.2 COM displacements 
Figure 5.8 presents the normalized anteroposterior displacement of the COM (relative to 
its initial position one second before load release). It shows that in the back-pulling 
balance, after load release, it moved forward and, after retaining balance, it moved 
backward and remained behind the initial position. The opposite pattern occurred in the 
front-pulling balance: after load release, the COM moved backward and, after recovering 
balance, it moved forward and remained in front of the initial position.  
Table 5.7 indicates the anteroposterior displacement of the COM was almost the same 
among all groups, in addition to all perturbation and insoles sessions. 
No significant difference was observed between the amplitude of the anteroposterior 
COM displacements of the two perturbation sessions for both groups (p=0.27) (Table 
5.7). But, the insoles group experienced a significant increase in the displacement in the 
non-amputee group in the front-pulling perturbation: Pillai's trace = 0.226, F(1, 22) = 
6.408, p = 019, partial eta squared effect = 0.226. When comparing the three insoles 
sessions of the non-amputees, the repeated measures test showed that the 
anteroposterior displacement of the COM in front-pulling was bigger than in the back-
pulling sessions: F = 6.421, p = 0.03, partial eta squared effect = 0.391. But the test did 
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not show the insoles significantly affecting the value (F = 2.218, p = 0.138, partial eta 
squared effect = 0.182). 
 
A 
 
B 
Figure 5.8 Normalized anteroposterior COM displacement, A: Non-Amputees, B: 
Amputees (BB: back-pulling balance, FB: front-pulling balance) 
 
Table 5.7 Amplitude of anteroposterior and mediolateral displacements of COM  
  COM displacements (m) 
  antroposterior mediolateral 
 Test condition Mean (m) SD Mean (m) SD 
A
m
p
u
te
e
s
 
BB-S1 (n=11) 0.027 0.012 0.010 0.009 
BB-S2 (n=11) 0.022 0.010 0.012 0.006 
BB-Follow up (n=3) 0.020 0.005 0.012 0.003 
FB-S1 (n=11) 0.024 0.010 0.017 0.008 
FB-S2 (n=11) 0.023 0.008 0.017 0.011 
FB-Follow up (n=3) 0.027 0.020 0.010 0.002 
N
o
n
-A
m
p
u
te
e
s
 BB-S1 (n=14) 0.018 0.011 0.005 0.002 
BB-S2 (n=14) 0.021 0.008 0.007 0.005 
BB-Follow up (n=11) 0.021 0.011 0.008 0.002 
FB-S1 (n=13) 0.022 0.014 0.005 0.002 
FB-S2 (n=14) 0.032 0.018 0.006 0.003 
FB-Follow up (n=11) 0.030 0.009 0.005 0.001 
BB: balance during back-pulling, FB: balance during front-pulling, S1: without insoles, S2: 
with insoles, Follow-up: after at least 4 weeks of using insoles 
 
The pattern of the mediolateral COM motion was extremely variable among participants 
in both groups. In fact, almost all the participants had several changes of COM toward 
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the right and left, which resulted in small average values (Figure 5.9). In this case, the 
correct statistical comparisons were not possible to perform.  
 
A 
 
B 
Figure 5.9 Normalized mediolateral COM displacement, A: Non-Amputees, B: 
Amputees (BB: back-pulling balance, FB: front-pulling balance) 
 
The amplitude of the mediolateral displacement of the COM was small but highly 
variable, particularly in the amputee group. The mean displacement appears to be larger 
in this group (Table 5.7). 
No significant difference was seen between the amplitude of the mediolateral COM 
displacement during the two perturbation and insoles sessions for either of the groups 
(p = 0.072 and p = 0.592). However, the amputee group had a significantly larger 
amplitude than the non-amputee group: Pillai's trace = 0.164, F(1, 22) = 4.327, p = 049, 
partial eta squared effect = 0.164. When comparing the three insoles sessions of the 
non-amputees, the repeated measures test showed that the mediolateral displacement 
of the COM in the follow-up session to the back-pulling condition was significantly larger 
than the follow-up value for front-pulling: F = 5.23, p = 0.045, partial eta squared effect = 
0.343. But the test did not show that the insoles were significantly affecting the value (F 
= 0.426, p = 0.601, partial eta squared effect = 0.041). 
 
5.3.1.3 Net COP  
The position of the net COP and its absolute value were respectively calculated by using 
Equation 5.2, Equation 5.3, and Equation 5.4. The derived variables related to the net 
COP consisted of the amplitude of the net COP displacements (in anteroposterior and 
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mediolateral directions), their velocities after load release, the linear distance between 
the right/left absolute COP and COPnet, and the linear distance between the COPnet 
and CoG.  
5.3.1.3.1 COPnet displacements 
Figure 5.10 represents the normalized anteroposterior displacement of the COPnet 
(relative to its initial position one second before load release).  
 
A 
 
B 
Figure 5.10 Normalized anteroposterior net COP displacement A: Non-Amputees, 
B: Amputees (BB: back-pulling balance, FB: front-pulling balance) 
 
The displacement has a pattern similar to the anteroposterior COP displacement. In 
back-pulling balance, after load release, it moved forward and, after balance was 
regained, it moved backward and remained in front of the initial position. The opposite 
happened in front-pulling balance: after load release, the COPnet moved backward and, 
after balance was regained, it moved forward and remained at the back of the initial 
position. 
The amplitude of the anteroposterior net COP displacement in both groups and in the 
perturbation sessions appears similar during S1 (without insoles sessions). But, an 
increase was observed in the anteroposterior amplitude of the COPnet displacement in 
non-amputees after insole use (Table 5.8).  
The insole use increased the anteroposterior displacement of the COPnet in both 
perturbation sessions of non-amputees: Wilks’ lambda = 0.823, F(1, 22) = 4.723, p = 
0.04, partial eta squared effect = 0.177. Repeated measure tests for three conditions of 
Insole use showed an increase of the displacement: F = 5.24, p 0.025, partial eta squared 
effect = 0.344. 
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Table 5.8 Amplitude of anteroposterior and mediolateral displacements of net COP  
  COPnet displacements 
  antroposterior mediolateral 
 Test condition Mean (m) SD Mean (m) SD 
A
m
p
u
te
e
s
 
BB-S1 (n=11) 0.052 0.008 0.020 0.014 
BB-S2 (n=11) 0.051 0.013 0.026 0.010 
BB-Follow up (n=3) 0.053 0.010 0.023 0.005 
FB-S1 (n=11) 0.051 0.010 0.034 0.020 
FB-S2 (n=11) 0.053 0.013 0.028 0.010 
FB-Follow up (n=3) 0.054 0.009 0.022 0.009 
N
o
n
-A
m
p
u
te
e
s
 BB-S1 (n=14) 0.058 0.019 0.011 0.004 
BB-S2 (n=14) 0.065 0.023 0.012 0.007 
BB-Follow up (n=11) 0.068 0.016 0.014 0.004 
FB-S1 (n=13) 0.053 0.015 0.013 0.005 
FB-S2 (n=14) 0.066 0.016 0.015 0.009 
FB-Follow up (n=11) 0.064 0.013 0.012 0.002 
BB: balance during back-pulling, FB: balance during front-pulling, S1: without insoles, S2: 
with insoles, Follow-up: after at least 4 weeks of using insoles 
 
As seen in Figure 5.11, the displacements in the mediolateral part had small amplitudes 
(though they were a little larger for the amputees) and were similar to the mediolateral 
COM displacement, having many fluctuations. However, the sudden change following 
load release was still recognizable in the diagram.  
 
A 
 
B 
Figure 5.11 Normalized mediolateral net COP displacement, A: Non-Amputees, B: 
Amputees (BB: back-pulling balance, FB: front-pulling balance) 
 
The amplitude of the mediolateral displacement of the COPnet in the without insoles 
front-pulling session among the amputee group was significantly greater than all the 
other sessions and the non-amputees: Pillai's Trace = 0.176, F(1, 22) = 4.702, p = 0.041, 
partial eta squared effect = 0.176. The test found no significant difference between the 
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variable in the insoles sessions (p=0.912). A pairwise comparison showed that the 
mediolateral amplitude of the COPnet in the amputees was larger than in the non-
amputees (p<0.001). However, the variability in S1 was high among the amputee group, 
while the Min-Max values shows that the insoles had decreased the maximum 
mediolateral displacement (Table 5.8). 
5.3.1.3.2 Distance between net COP and COG  
The distance between the net COP and COG (the COM projection on the ground) was 
calculated by using the x and y coordinates of each in Equation 5.4. The values were 
extracted for the 1st second of balance before load release, five seconds after load 
release, and the amplitude of its change. These can be considered an estimation of 
balance as, in the ideal balance, there was the least distance between the COPnet and 
COG. The changes in the distance during one second before load release and five 
seconds after it are presented in Figure 5.12.  
 
A 
 
B 
Figure 5.12 Changes of distance between COPnet and CoG, A: Non-Amputees, B: 
Amputees (BB: back-pulling balance, FB: front-pulling balance) 
 
Interestingly, the distance was smaller during one second before load release of the 
back-pulling session in amputees and, after load release, it increased. The distance in 
the front-pulling of the amputees and both perturbation conditions of the non-amputees 
was larger during one second before load release. The distance decreased greatly after 
load release in the non-amputees and in the back-pulling sessions of amputees. It is 
interesting that the diagrams show that the peak value of the distance was the same 
(around 3 cm) for both perturbation sessions among the amputee group. Table 5.9 shows 
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the amplitude of the distance was bigger in the front-pulling condition and was similar in 
both groups. 
Table 5.9 Amplitude of COG -COPnet distance  
 Test condition Mean (m) SD Median Min-Max 
A
m
p
u
te
e
s
 
BB-S1 (n=11) 0.034 0.012 0.036 0.017-0.050 
BB-S2 (n=11) 0.033 0.010 0.035 0.020-0.048 
BB-Follow up (n=3) 0.030 0.008 0.032 0.021-0.037 
FB-S1 (n=11) 0.040 0.007 0.038 0.032-0.055 
FB-S2 (n=11) 0.042 0.011 0.044 0.029-0.063 
FB-Follow up (n=3) 0.043 0.003 0.043 0.040-0.046 
N
o
n
-A
m
p
u
te
e
s
 
BB-S1 (n=14) 0.032 0.012 0.031 0.012-0.056 
BB-S2 (n=14) 0.032 0.010 0.033 0.018-0.049 
BB-Follow up (n=11) 0.038 0.015 0.040 0.016-0.075 
FB-S1 (n=13) 0.037 0.011 0.033 0.022-0.053 
FB-S2 (n=14) 0.043 0.008 0.040 0.032-0.059 
FB-Follow up (n=11) 0.044 0.010 0.045 0.030-0.058 
BB: balance during back-pulling, FB: balance during front-pulling, S1: without insoles, S2: 
with insoles, Follow-up: after at least 4 weeks of using insoles 
 
The amplitude of the distance between the COG and COPnet was significantly larger in 
the front-pulling of amputees: Pillai's Trace = 0.457, F(1, 22) = 12.199, p = 0.002, partial 
eta squared effect = 0.357. But, the insoles did not have a significant effect on the 
variable among the groups (p=0.414) and perturbation conditions (p=0.193). The 
repeated measures test revealed that insole use increased the distance in the non-
amputee group: F = 5.219, p = 0.015, partial eta squared effect = 0.343. 
Table 5.10 indicates that the average distance between the COG and COPnet during 
one second before load release was bigger for front-pulling, particularly in the amputee 
group. In addition, its variability (Min-Max values) were large in both groups.  
Table 5.10 Average COG-COPnet distance during 1 second before and 5s after 
load release 
  Distance between COG-copnet 
  1s before load release 5s before load release 
 Test condition Mean (m) SD Mean (m) SD 
A
m
p
u
te
e
s
 
BB-S1 (n=11) 0.012 0.006 0.025 0.012 
BB-S2 (n=11) 0.013 0.011 0.023 0.012 
BB-Follow up (n=3) 0.012 0.004 0.023 0.006 
FB-S1 (n=11) 0.066 0.010 0.041 0.008 
FB-S2 (n=11) 0.063 0.010 0.038 0.008 
FB-Follow up (n=3) 0.064 0.007 0.038 0.010 
N
o
n
-A
m
p
u
te
e
s
 BB-S1 (n=14) 0.028 0.016 0.013 0.009 
BB-S2 (n=14) 0.027 0.014 0.013 0.009 
BB-Follow up (n=11) 0.031 0.021 0.012 0.008 
FB-S1 (n=13) 0.045 0.015 0.022 0.014 
FB-S2 (n=14) 0.048 0.013 0.019 0.013 
FB-Follow up (n=11) 0.051 0.015 0.019 0.013 
BB: balance during back-pulling, FB: balance during front-pulling, S1: without insoles, S2: 
with insoles, Follow-up: after at least 4 weeks of using insoles 
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The average distance between the COG and COPnet during one second before load 
release was bigger for front-pulling tests in comparison to back-pulling in both groups: 
Wilks’ lambda = 0.224, F(1, 22) = 76.37, p<0.001, partial eta squared effect = 0.776; in 
addition, the two perturbation conditions of amputees and non-amputees had different 
values (bigger for back-pulling and smaller for front-pulling sessions among the non-
amputees): Wilks’ lambda = 0.632, F(1, 22) = 12.792, p = 0.001, partial eta squared 
effect = 0.368. Insole use did not affect the amount in the perturbation sessions (p = 
0.853) and groups (p = 0.422). However, the repeated measures test showed that the 
insoles increased the distance in non-amputees: F = 1.78, p = 0.049, partial eta squared 
effect = 0.27. 
As can be seen in Table 5.10, the average distance between the COG and COPnet five 
seconds after load release was greater for front-pulling, particularly in the amputee 
group. 
The average distance between the COG and COPnet five seconds after load release 
was bigger for the front-pulling in comparison to the back-pulling tests: Wilks’ lambda = 
0.338, F(1, 22) = 43.117, p<0.001, partial eta squared effect = 0.662. But, there was no 
significant difference between the groups (p=0.068), including the insoles sessions (p = 
0.36).  
 
5.3.2 Kinetics 
5.3.2.1 Ground reaction forces  
The derived variables related to the forces include the amplitude of force changes in 
anteroposterior, mediolateral and vertical directions (the difference between the 
maximum and minimum value of the forces), and the peak value of forces in each 
direction and for each side of the participants. All forces were normalized to the body 
weight in Newtons; thus, they are scale-less. 
 
5.3.2.1.1 Anteroposterior Forces 
During back-pulling perturbation (Figure 5.13), the GRF was in a forward (+ve) direction 
before load release, to counteract the perturbation load, in both non-amputees feet and 
in the IL of amputees. However, the force was near to zero in the prosthetic side, 
indicating that the resistance to the perturbation load was supplied by the intact side 
alone. After load release, there was a slight reversal of the force direction before 
stabilising closer to zero as balance was resumed. The magnitude was larger on the IL 
of amputees, and it remained positive throughout the whole of the assessed time period. 
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A 
 
B 
Figure 5.13 Changes of anteroposterior GRF during back-pulling sessions, A: Non-
Amputees, B: Amputees. +ve values indicate a forward (anterior) direction 
 
During front-pulling perturbation (Figure 5.14), the trend was similar but reversed 
compared to the back-pulling perturbation. However, the difference between the non-
amputees and amputees’ intact and prosthetic sides was more prominent after load 
release. As the slope of the diagram shows, the reaction of the IL was quicker, and the 
force remained positive (forward) after load release and during the balance retention 
period. In addition, the force returned to zero for the non-amputees but continued to be 
negative (backward) in the prosthetic side on balance resumption.  
Table 5.11 presents the amplitude of anteroposterior GRF during back-pulling 
perturbation. The amount for the IL of amputees was almost 4-folds larger than their 
prosthetic side, and it was also larger than for the non-amputees.  
As is seen in Table 5.11, the amplitude of the anteroposterior GRF during front-pulling 
perturbation was similar to the back-pulling perturbation but was increased on the 
prosthetic side. 
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A 
 
B 
Figure 5.14 Changes of anteroposterior GRF during front-pulling sessions, A: Non-
Amputees, B: Amputees. +ve values indicate a forward (anterior) direction 
 
Table 5.11 Amplitude of anteroposterior GRF during standing balance against 
back/ front-pulling loads 
  Balance against back 
pulling load (BB) 
Balance against front 
pulling load (FB) 
  Side A-P GRF/BWT  SD A-P GRF/BWT SD 
A
m
p
u
te
e
s
 
S1 
(n=11) 
Intact 0.037 0.011 0.037 0.009 
Prosthetic 0.009 0.004 0.011 0.005 
S2 
(n=11) 
Intact 0.038 0.008 0.035 0.011 
Prosthetic 0.008 0.003 0.012 0.007 
Follow-up 
(n=3) 
Intact 0.036 0.007 0.038 0.013 
Prosthetic 0.007 0.003 0.010 0.005 
N
o
n
-A
m
p
u
te
e
s
 S1 
(n=14) 
Right 0.025 0.007 0.025 0.009 
Left 0.024 0.006 0.022 0.006 
S2 
(n=14) 
Right 0.027 0.008 0.028 0.008 
Left 0.028 0.011 0.025 0.007 
Follow-up 
(n=11) 
Right 0.030 0.012 0.029 0.006 
Left 0.033 0.006 0.027 0.006 
S1: without insoles, S2: with insoles, Follow-up: after at least 4 weeks of using insoles, A-P: 
anteroposterior, BWT: body weight 
 
There was a significant difference between the groups’ amplitude of anteroposterior GRF 
(Pillai's trace = 0.78, F(3, 19) = 22.393, p<0.001, partial eta squared effect = 0.78) and 
between the intact and prosthetic side of the amputees (Pillai's trace = 0.812, F(3, 19) = 
27.327, p<0.001, partial eta squared effect = 0.812). Insole use did not affect either 
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groups (p = 0.224) nor did the results of the two perturbation sessions (p = 0.781). When 
comparing the three sessions of insole use in the non-amputee group (without insoles, 
using insoles and after at least four weeks of using them), no significant differences 
between the anteroposterior GRF in the perturbation sessions and the right/left sides 
values (p = 0.37) in the insoles sessions (p = 0.075) were observed.  
Table 5.12 shows that the peak value of the anteroposterior GRF for the intact side was 
more than 2.5-fold that of the prosthetic side and almost 2-fold that of the non-amputees. 
Table 5.12 Peak value of anteroposterior GRF during standing balance against 
back/ front-pulling loads 
  Balance against back 
pulling load (BB) 
Balance against front 
pulling load (FB) 
  Side A-P GRF/BWT  SD A-P GRF/BWT SD 
A
m
p
u
te
e
s
 
S1 
(n=11) 
Intact 0.041 0.014 0.026 0.009 
Prosthetic 0.017 0.011 0.016 0.011 
S2 
(n=11) 
Intact 0.042 0.013 0.028 0.008 
Prosthetic 0.016 0.010 0.018 0.010 
Follow-up 
(n=3) 
Intact 0.043 0.017 0.031 0.012 
Prosthetic 0.021 0.008 0.018 0.006 
N
o
n
-A
m
p
u
te
e
s
 S1 
(n=14) 
Right 0.020 0.005 0.019 0.005 
Left 0.023 0.007 0.015 0.006 
S2 
(n=14) 
Right 0.020 0.006 0.021 0.007 
Left 0.025 0.008 0.016 0.004 
Follow-up 
(n=11) 
Right 0.022 0.006 0.022 0.007 
Left 0.028 0.008 0.016 0.003 
S1: without insoles, S2: with insoles, Follow-up: after at least 4 weeks of using insoles, A-P: 
anteroposterior, BWT: body weight 
 
In addition, the peak value of the anteroposterior force for the intact side in front-pulling 
was less than that in back-pulling but the value for the prosthetic side was very similar to 
that in back-pulling. The magnitudes for the non-amputees appeared asymmetrical 
between the right and left sides.  
There was a significant difference between the groups’ peak anteroposterior GRF: Wilks’ 
lambda = 0.188, F(3, 19) = 27.421, p<0.001, partial eta squared effect = 0.812; in 
addition, between the intact and prosthetic sides of the amputees and the perturbation 
sessions: Wilks’ lambda = 0.154, F(3, 19) = 34.844, p<0.001, partial eta squared effect 
= 0.846. Insole use did not affect either group (p = 0.913), nor the results of the two 
perturbation sessions (p = 0.886). When comparing the three sessions of insole use in 
the non-amputee group (without insoles, using insoles and after at least four weeks of 
using them), there was a significant difference between the anteroposterior GRF in the 
perturbation sessions (between the value of back-pulling and front-pulling in the left foot: 
F = 6.655, p = 0.007, partial eta squared effect = 0.425). But, the insoles made no 
significant difference (p = 0.181).  
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5.3.2.1.2 Mediolateral Forces 
As seen in Figure 5.15, the GRF value was positive on both feet, which represents forces 
toward the medial side. This increased on load release and, though it generally reduced 
in magnitude, it tended to remain larger than before load release. The prosthetic side 
had a pattern of changes similar to the non-amputee group and IL; however, the forces 
were larger in the amputee group, throughout.  
 
 
A 
 
B 
Figure 5.15 Changes of mediolateral GRF during back-pulling sessions, A: Non-
Amputees, B: Amputees. +ve indicates medial force. 
 
The forces in the front-pulling perturbation were similar for both groups prior to load 
release (Figure 5.16). However, the reaction to load release in the front-pulling 
perturbation was different from back-pulling and between the two groups. After load 
release, the forces remained relatively stable with only slight fluctuations in the non-
amputee group. In the amputee group, there was a small reduction in the medial force 
before it returned to a similar magnitude as prior to load release.  
The amplitude of the mediolateral GRF during back-pulling perturbation can be seen in 
Table 5.13. The magnitudes were very small and almost the same in both legs in the two 
groups. The amplitude of the mediolateral GRF during front-pulling perturbation was 
similar to the back-pulling perturbation, but a little larger for the amputee group. 
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A 
 
B 
Figure 5.16 Changes of mediolateral GRF during front-pulling sessions, A: Non-
Amputees, B: Amputees. +ve indicates medial force. 
 
Table 5.13 Amplitude of mediolateral GRF during standing balance against /front-
pulling loads 
  Balance against back 
pulling load (BB) 
Balance against front 
pulling load (FB) 
  Side M-L GRF/BWT  SD M-L GRF/BWT  SD 
A
m
p
u
te
e
s
 
S1 
(n=11) 
Intact 0.009 0.005 0.012 0.006 
Prosthetic 0.008 0.002 0.013 0.008 
S2 
(n=11) 
Intact 0.012 0.005 0.012 0.005 
Prosthetic 0.011 0.009 0.012 0.006 
Follow-up 
(n=3) 
Intact 0.011 0.005 0.012 0.004 
Prosthetic 0.010 0.004 0.014 0.002 
N
o
n
-A
m
p
u
te
e
s
 S1 
(n=14) 
Right 0.008 0.003 0.009 0.005 
Left 0.007 0.003 0.007 0.004 
S2 
(n=14) 
Right 0.008 0.004 0.009 0.003 
Left 0.008 0.003 0.011 0.005 
Follow-up 
(n=11) 
Right 0.008 0.002 0.009 0.002 
Left 0.009 0.004 0.009 0.004 
S1: without insoles, S2: with insoles, Follow-up: after at least 4 weeks of using insoles, M-L: 
Mediolateral, BWT: body weight 
 
The amplitude of the mediolateral GRF changes during the standing balance of amputee 
and non-amputee participants exhibited no significant difference between perturbation 
sessions, sides or groups (p = 0.474). Insole use did not affect either groups (p = 0.3065) 
or the results of the two perturbation sessions (p = 0.78). In comparing the three sessions 
of insole use in the non-amputee group (without insoles, using insoles and after at least 
four weeks of using them), no significant differences between the mediolateral GRF in 
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perturbation sessions and right/left sides values (p = 0.625) in the insoles sessions 
(p=0.259) were observed. 
Table 5.14 shows that the peak values of the mediolateral force were the same for both 
sides of the two groups and in both perturbation conditions; however, the magnitude was 
larger for the amputee group.  
Table 5.14 Peak value of mediolateral GRF during standing balance against 
back/front-pulling loads 
  Balance against back 
pulling load (BB) 
Balance against front 
pulling load (FB) 
  Side M-L GRF/BWT  SD M-L GRF/BWT  SD 
A
m
p
u
te
e
s
 
S1 
(n=11) 
Intact 0.054 0.012 0.045 0.016 
Prosthetic 0.051 0.010 0.041 0.017 
S2 
(n=11) 
Intact 0.055 0.024 0.040 0.002 
Prosthetic 0.057 0.017 0.048 0.016 
Follow-up 
(n=3) 
Intact 0.055 0.012 0.045 0.012 
Prosthetic 0.055 0.023 0.049 0.013 
N
o
n
-A
m
p
u
te
e
s
 S1 
(n=14) 
Right 0.036 0.015 0.038 0.015 
Left 0.033 0.016 0.037 0.012 
S2 
(n=14) 
Right 0.032 0.017 0.033 0.013 
Left 0.038 0.010 0.029 0.017 
Follow-up 
(n=11) 
Right 0.038 0.010 0.026 0.013 
Left 0.038 0.013 0.027 0.018 
S1: without insoles, S2: with insoles, Follow-up: after at least 4 weeks of using insoles, M-L: 
Mediolateral, BWT: body weight 
 
There was a significant difference between the groups’ peak mediolateral GRF (Pillai's 
trace = 0.448, F(3, 19) = 5.138, p = 0.009, partial eta squared effect = 0.448); and 
between both sides of the amputees and the perturbation sessions (with larger 
magnitudes in the back-pulling sessions): (Pillai's trace = 0.568, F(3, 19) = 8.318, p = 
0.001, partial eta squared effect = 0.568). Insole use did not affect either group (p = 
0.191) or the results of the two perturbation sessions and sides (p = 0.816). When 
comparing the three sessions of insole use in the non-amputee group (without insoles, 
using insoles and after at least four weeks of using them), there was a significant 
differences between the mediolateral GRF of the right and left foot in front-pulling (F = 
7.541, p = 0.007, partial eta squared effect = 0.519). But the effect of insoles was not 
significant (p = 0.937).  
 
5.3.2.1.3 Vertical forces 
Figure 4.11 shows that the vertical force on the right and left side of the non-amputees 
was approximately 50% of the body weight (BWT), indicating that the weight was being 
carried symmetrically, on each limb. Whilst there was a small oscillation following load 
release, the effect was relatively small. In contrast, in the amputees, the IL load was 60% 
of bodyweight prior to load release (40% on the prosthesis side). Following load release, 
and a period of rebalance lasting approximately 0.5 – 0.75 seconds, the loads stabilised, 
with the PL taking a little more of the load, but still with asymmetry.  
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A 
 
B 
Figure 5.17 Changes of vertical GRF during back-pulling sessions, A: Non-
Amputees, B: Amputees 
 
Table 5.15 indicates the amplitude of vertical force change was small on both sides of 
the amputees (7-8% of weight) but larger than both sides of the non-amputees during 
the back-pulling perturbation.  
Table 5.15 Amplitude of vertical GRF during standing balance against back/front-
pulling loads 
  Balance against back pulling 
load (BB) 
Balance against front pulling 
load (FB) 
  Side Vertical GRF/BWT  SD Vertical GRF/BWT  SD 
A
m
p
u
te
e
s
 
S1 
(n=11) 
Intact 0.073 0.049 0.107 0.061 
Prosthetic 0.073 0.050 0.113 0.061 
S2 
(n=11) 
Intact 0.083 0.030 0.097 0.038 
Prosthetic 0.084 0.029 0.101 0.034 
Follow-up 
(n=3) 
Intact 0.071 0.005 0.084 0.018 
Prosthetic 0.071 0.007 0.091 0.030 
N
o
n
-A
m
p
u
te
e
s
 S1 
(n=14) 
Right 0.043 0.019 0.047 0.020 
Left 0.040 0.022 0.049 0.020 
S2 
(n=14) 
Right 0.051 0.031 0.069 0.051 
Left 0.050 0.031 0.071 0.052 
Follow-up 
(n=11) 
Right 0.057 0.020 0.053 0.020 
Left 0.054 0.020 0.051 0.018 
S1: without insoles, S2: with insoles, Follow-up: after at least 4 weeks of using insoles, BWT: body weight 
 
Figure 5.18 displays the pattern of vertical force during front-pulling perturbation. The 
results are similar to the back-pulling vertical force data. The noticeable difference, 
however, was that the intact side of the amputee group took a greater share of 
bodyweight immediately after load release, returning closer to almost initial share after 
approximately one second. 
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A 
 
B 
Figure 5.18 Changes of vertical GRF during front-pulling sessions, A: Non-
Amputees, B: Amputees 
 
As can be seen in 15, the amplitudes of vertical force during front-pulling perturbation 
were larger than for back-pulling in the amputee group (10-11%BWT) and in the insoles 
sessions of non-amputees.  
The amplitude of the vertical GRF changes during the standing balance of amputee and 
non-amputee participants was significantly larger on both sides of the amputee group 
compared to the non-amputees (Pillai's trace = 0.382, F(3, 19) = 3.909, p = 0.025, partial 
eta squared effect = 0.382). Insole use did not affect either group (p = 0.479) or the 
results of the two perturbation sessions (p=0.825). When comparing the three sessions 
of insole use in the non-amputee group (without insoles, using insoles and after at least 
four weeks of use), there was no significant difference between the vertical GRF in the 
perturbation sessions and right/left sides values (p = 0.531) or insoles sessions (p = 
0.278).  
Table 5.16 shows that the peak values of vertical force for the IL was almost 1.5 times 
that of the prosthetic side, and was larger than the non-amputees in both perturbation 
situations. On average, the intact side bore more than 60%-68% BWT, while the mean 
value for the prosthetic side was 40%-46%. The weight bearing in both lower limbs of 
non-amputees was near to 50%.  
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Table 5.16 Peak vertical GRF during standing balance against back/front-pulling 
loads 
  Balance against back pulling 
load (BB) 
Balance against front pulling 
load (FB) 
  Limb Vertical GRF/BWT  SD Vertical GRF/BWT  SD 
A
m
p
u
te
e
s
 
S1 
(n=11) 
Intact 0.627 0.072 0.683 0.081 
Prosthetic 0.446 0.057 0.425 0.083 
S2 
(n=11) 
Intact 0.630 0.060 0.684 0.083 
Prosthetic 0.453 0.036 0.412 0.073 
Follow-up 
(n=3) 
Intact 0.616 0.110 0.682 0.007 
Prosthetic 0.456 0.113 0.405 0.017 
N
o
n
-A
m
p
u
te
e
s
 S1 
(n=14) 
Right 0.527 0.018 0.526 0.032 
Left 0.513 0.026 0.523 0.037 
S2 
(n=14) 
Right 0.523 0.029 0.541 0.046 
Left 0.527 0.048 0.529 0.041 
Follow-up 
(n=11) 
Right 0.516 0.028 0.530 0.030 
Left 0.537 0.031 0.518 0.031 
S1: without insoles, S2: with insoles, Follow-up: after at least 4 weeks of using insoles, BWT: body weight 
 
A significant difference was observed between the peak vertical force of the intact and 
the prosthetic side in the amputee group (Pillai's trace = 0.786, F(3, 19) = 23.282, 
p<0.001, partial eta squared effect = 0.786); and in non-amputees (Pillai's trace = 0.716, 
F(3, 19) = 15.968, p<0.001, partial eta squared effect = 0.716). Insole use did not affect 
either group (p = 0.6) or the results of the two perturbation sessions and sides (p = 0.911). 
When comparing the three sessions of insole use in the non-amputee group (without 
insoles, using insoles and after at least four weeks of use), there was no significant 
difference between the peak vertical GRF in the perturbation sessions and the right/left 
sides values (p = 0.89) and insoles sessions (p = 0.727). 
5.3.2.1.4 Limbs’ role in load sharing  
Table 5.17 and  
Table 5.18 represent the magnitude of ground reaction forces during one second before 
load release in terms of the percentage of total bodyweight.  
Table 5.17 Mean forces experienced by each limb during the 1st second of back-
pulling standing balance (in terms of participants’ BWT percentage) 
 BB Test 
conditions 
Force %BWT 
side 
A/P SD M/L SD Vertical SD 
A
m
p
u
te
e
s
 S1 
(n=11) 
Intact 3.8% 1.5% 5% 1% 61% 7% 
Prosthetic 0.1% 1.7% 5% 1% 39% 7% 
S2 
(n=11) 
Intact 3.8% 1.6% 4% 1% 61% 7% 
Prosthetic 0.2% 1.7% 5% 1% 39% 7% 
Follow-up 
(n=3) 
Intact 4.2% 1.8% 5% 2% 61% 12% 
Prosthetic 0.2% 2.4% 5% 2% 39% 12% 
N
o
n
-A
m
p
u
te
e
s
 
S1 
(n=14) 
Right 1.7% 0.5% 3% 1% 50% 2% 
Left 2.1% 0.7% 3% 1% 50% 2% 
S2 
(n=14) 
Right 1.6% 0.6% 3% 1% 50% 2% 
Left 2.3% 0.7% 3% 2% 49% 4% 
Follow-up 
(n=11) 
Right 1.7% 0.8% 3% 1% 51% 4% 
Left 2.5% 0.8% 3% 2% 48% 3% 
BB: balance during back-pulling, A/P: anteroposterior, M/L: mediolateral, S1: without insoles, S2: with 
insoles, Follow-up: after at least 4 weeks of using insoles, BWT: body weight 
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Table 5.18 Mean forces experienced by each limb during the 1st second of front-
pulling standing balance (in terms of participants’ BWT percentage)  
 FB Test 
conditions 
Force %BWT 
side 
A/P SD M/L SD Vertical SD 
A
m
p
u
te
e
s
 
S1 
(n=11) 
Intact 1.4% 1.4% 4% 2% 61% 7% 
Prosthetic 1.2% 1.5% 4% 1% 39% 7% 
S2 
(n=11) 
Intact 1.2% 1.5% 4% 2% 62% 7% 
Prosthetic 1.2% 1.4% 4% 1% 38% 7% 
Follow-up 
(n=3) 
Intact 1.9% 2.1% 4% 0% 62% 3% 
Prosthetic 0.8% 1.6% 5% 2% 38% 3% 
N
o
n
-A
m
p
u
te
e
s
 S1 
(n=12) 
Right 1.1% 0.6% 3% 1% 50% 3% 
Left 2.8% 0.8% 2% 2% 50% 3% 
S2 
(n=14) 
Right 1.8% 0.8% 3% 1% 50% 2% 
Left 1.2% 0.3% 2% 1% 50% 2% 
Follow-up 
(n=11) 
Right 1.7% 1.0% 3% 1% 51% 2% 
Left 1.3% 0.4% 2% 2% 49% 2% 
FB: balance during front-pulling, A/P: anteroposterior, M/L: mediolateral, S1: without insoles, S2: with 
insoles, Follow-up: after at least 4 weeks of using insoles, BWT: body weight 
 
The IL produced greater anteroposterior forces than the prosthetic side and both limbs 
of the non-amputees during back-pulling sessions. Non-amputees had a slightly larger 
anteroposterior load on their left side during back-pulling sessions but the loads were 
small (<2.5% BWT). The mediolateral forces in both the perturbation conditions and the 
anteroposterior forces in the front-pulling sessions were the same for both sides of the 
amputees. The vertical force shows that, while non-amputees have symmetrical weight 
bearing, the prosthetic side only bore about 40% of the amputee’s weight. 
As expected, significant differences were seen among the forces during the one second 
before load release. These were:  
1- the anteroposterior forces of the prosthetic and intact side of the amputees in 
back-pulling sessions (p<0.001, Partial Eta Squared = 0.983), between the 
groups in back-pulling (p<0.001, Partial Eta Squared = 0.742) and for insole use 
in the front-pulling of non-amputees (p = 0.008, Partial Eta Squared = 0.293);  
2- the mediolateral forces in the two perturbation sessions among the amputees (p 
= 0.009, Partial Eta Squared = 0.448), and between the two groups (p = 0.023, 
Partial Eta Squared = 0.386);  
3- between the weight-bearing contribution of the prosthesis and the IL of the 
amputees (p<0.001, Partial Eta Squared = 0.667), and the difference between 
the two 2 groups (p<0.001, Partial Eta Squared = 0.651).  
The differences between the insole use and anteroposterior forces among the groups (p 
= 0.182), the mediolateral (p = 0.138), and the vertical forces (p = 0.339) was not 
statistically significant.  
Table 5.19 and Table 5.20 present the magnitude of ground reaction forces during five 
seconds after load release in terms of % of BWT.  
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Table 5.19 Mean forces experienced by each limb during 5 seconds after load 
release in back-pulling standing balance (in terms of participants’ BWT 
percentage) 
 BB Test 
conditions 
Force %BWT 
side 
A/P SD M/L SD Vertical SD 
A
m
p
u
te
e
s
 
S1 
(n=11) 
Intact 1.6% 1.6% 5% 1% 59% 6% 
Prosthetic 0.1% 1.7% 5% 1% 41% 6% 
S2 
(n=11) 
Intact 1.4% 1.6% 5% 1% 58% 4% 
Prosthetic 0.0% 1.7% 5% 1% 42% 4% 
Follow-up 
(n=3) 
Intact 1.7% 2.0% 5% 2% 57% 10% 
Prosthetic 0.4% 2.3% 5% 2% 43% 10% 
N
o
n
-A
m
p
u
te
e
s
 S1 
(n=14) 
Right 0.3% 0.5% 3% 1% 51% 2% 
Left 0.6% 0.7% 3% 1% 49% 2% 
S2 
(n=14) 
Right 0.3% 0.5% 3% 2% 50% 3% 
Left 0.7% 0.5% 3% 1% 50% 3% 
Follow-up 
(n=11) 
Right 0.2% 0.7% 3% 2% 49% 3% 
Left 0.7% 0.6% 3% 1% 50% 3% 
BB: balance during back-pulling, A/P: anteroposterior, M/L: mediolateral, S1: without insoles, S2: with insoles, Follow-
up: after at least 4 weeks of using insoles, BWT: body weight 
 
Table 5.20 Mean forces experienced by each limb during 5 seconds after load 
release in front-pulling standing balance (in terms of participants’ BWT 
percentage) 
 FB Test 
conditions 
Force %BWT 
side 
A/P SD M/L SD Vertical SD 
A
m
p
u
te
e
s
 
S1 
(n=11) 
Intact 0.8% 1.4% 4% 2% 63% 8% 
Prosthetic 0.8% 1.3% 4% 1% 37% 8% 
S2 
(n=11) 
Intact 0.8% 1.4% 4% 2% 64% 8% 
Prosthetic 0.8% 1.3% 4% 1% 36% 8% 
Follow-up 
(n=3) 
Intact 0.5% 2.0% 4% 0% 63% 2% 
Prosthetic 0.8% 1.7% 4% 1% 36% 2% 
N
o
n
-A
m
p
u
te
e
s
 S1 
(n=12) 
Right 0.3% 0.4% 3% 1% 50% 3% 
Left 0.2% 0.4% 2% 2% 49% 3% 
S2 
(n=14) 
Right 0.2% 0.5% 3% 1% 51% 3% 
Left 0.2% 0.4% 2% 1% 49% 2% 
Follow-up 
(n=11) 
Right 0.1% 0.9% 3% 1% 51% 3% 
Left 0.2% 0.4% 2% 2% 49% 3% 
FB: balance during front-pulling, A/P: anteroposterior, M/L: mediolateral, S1: without insoles, S2: with insoles, Follow-
up: after at least 4 weeks of using insoles, BWT: body weight 
 
As can be seen, the IL produced greater posterior forces than the prosthetic side and 
both limbs of the non-amputees during back-pulling sessions. The vertical force shows 
that, while non-amputees have symmetrical weight bearing, the prosthetic side’s 
contribution in weight bearing increased in back-pulling and decreased in front-pulling. 
The mediolateral forces in both the perturbation conditions and the groups remained 
almost the same as before load release. The anteroposterior forces in the non-amputees 
were very small and remained backward and asymmetrical in back-pulling and the 
opposite during front-pulling sessions.These significant differences were observed 
among the following forces during five seconds after load release:  
1. the anteroposterior forces of the prosthetic and intact sides of the amputees in 
back-pulling sessions (p<0.001, Partial Eta Squared = 0.845) and the value 
between groups in back-pulling (p=0.038, Partial Eta Squared = 0.35);  
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2. the mediolateral forces in the two perturbation sessions among amputees 
(p<0.001, Partial Eta Squared = 0.624) and between the two groups (p = 0.008, 
Partial Eta Squared = 0.456);  
3. between the weight-bearing contribution of the prosthetic limb and the IL of the 
amputees (p<0.001, Partial Eta Squared = 0.709) and the difference between the 
two groups (p<0.001, Partial Eta Squared = 0.629). 
The differences between the insole use session for the anteroposterior forces (p = 
0.879), the mediolateral (p = 0.128), and the vertical forces (p = 0.223) was statistically 
not significant. 
 
5.3.2.2 Moments 
The derived variables related to moments in this study include the amplitude of ankle 
and hip joint moments changes in the direction of the pulling perturbations (flex/extension 
moments) in both lower limbs, the peak value of these moments, as well as the amplitude 
and maximum magnitude of the sum of moments in the sagittal plane. The moments in 
the coronal plane (abd/adduction moments) were very small, thus are not presented. The 
magnitudes of all moments were normalized to the mass of the participants in kilograms.  
5.3.2.2.1 Ankle Flex/Extension Moment 
The ankle moments in the back-pulling test are presented in Figure 5.19. The positive 
and negative values were, respectively, the dorsi-flexor and plantar-flexor joint moments.  
 
A 
 
B 
Figure 5.19 Changes of ankle moments in sagittal plane during back-pulling 
sessions, A: Non-Amputees, B: Amputees. -ve indicates plantar flexor moments. 
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There was a negative moment (plantar-flexor moment) in both groups and in both sides 
during the whole of the test. The load release was associated with a rapid increase in a 
plantar-flexor moment, which remained once balance was retained. In the amputee 
group, a similar trend was observed, but the moments were generally smaller in the 
prosthetic ankle. 
As is seen in Table 5.21, the amplitude of the ankle moment changes during back-pulling 
perturbation for the IL of amputees was more than five times larger than their prosthetic 
side, and it was also larger than in the non-amputees.  
Table 5.21 Amplitude of ankle moment in sagittal plane during standing balance 
against back/front pulling loads 
 Prturbation condition 
  Balance against back 
pulling load (BB) 
Balance against front pulling 
load (FB) 
  Limb Moment (Nm/kg) SD Moment (Nm/kg) SD 
A
m
p
u
te
e
s
 
S1 
(n=11) 
Intact 0.401 0.086 0.393 0.119 
Prosthetic 0.079 0.031 0.091 0.051 
S2 
(n=11) 
Intact 0.401 0.109 0.392 0.113 
Prosthetic 0.078 0.038 0.093 0.046 
Follow-up 
(n=3) 
Intact 0.400 0.067 0.384 0.057 
Prosthetic 0.096 0.017 0.105 0.070 
N
o
n
-A
m
p
u
te
e
s
 S1 
(n=14) 
Right 0.263 0.094 0.245 0.072 
Left 0.265 0.092 0.223 0.066 
S2 
(n=14) 
Right 0.282 0.109 0.296 0.087 
Left 0.299 0.106 0.294 0.082 
Follow-up 
(n=11) 
Right 0.276 0.088 0.282 0.053 
Left 0.323 0.060 0.277 0.073 
S1: without insoles, S2: with insoles, Follow-up: after at least 4 weeks of using insoles 
 
Figure 5.20 shows the ankle moment in the sagittal plane during front-pulling 
perturbation. In non-amputees and the intact side of amputees, the moment was initially 
plantar-flexor, which reduced rapidly and, in some cases, became a dorsi-flexor moment 
at load release, but then returned to a plantar-flexor moment, though smaller than the 
initial moment, once balance was retained. The initial moment in the IL and in the non-
amputees was larger when compared to the back-pulling sessions. This moment was 
close to zero in the prosthetic side in amputees throughout, indicating that the prosthetic 
ankle contributed little to balance stability in these tests. As seen in Figure 5.20, the 
amplitude of the prosthetic ankle moment in the front-pulling sessions was a little more 
than in the back-pulling and was approximately one-quarter of the moments in the IL. 
There was a significant difference between group amplitudes of the sagittal plane’s ankle 
moment changes during standing balance (Pillai's trace = 0.834, F(3, 20) = 33.604, 
p<0.001, partial eta squared effect = 0.834), and between the intact and prosthetic side 
of amputees (Pillai's trace = 0.832, F(3, 20) = 33.002, p<0.001, partial eta squared effect 
= 0.832.) Insole use did not affect either group (p = 0.084) or the results of the two 
perturbation sessions (p = 0.699). When comparing the three sessions of insole use in 
the non-amputee group (without insoles, using insoles and after at least for weeks of 
use), there was a significant increase in the amplitude after using the insoles (F = 3.981, 
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p = 0.044, partial eta squared effect = 0.285). However, no difference was found between 
the perturbation sessions and right/left data (p = 0.47). 
 
A 
 
B 
Figure 5.20 Changes of ankle moments in sagittal plane during front-pulling 
sessions, A: Non-Amputees, B: Amputees. -ve indicates plantar flexor moments. 
 
Table 5.22 presents the absolute maximum sagittal plane ankle moments of each limb 
of the participants in both groups. All peak values among the non-amputees and in the 
IL of amputees were plantar-flexor moments, but five moments in S1 and four moments 
in S2 were dorsi-flexor for the prosthetic side. The amount was more than 2.5 times 
larger in the IL compared to the prosthetic side. 
Table 5.22 Peak value of ankle moment in sagittal plane during standing balance 
against back/front pulling loads 
 Prturbation condition 
  Balance against back 
pulling load (BB) 
Balance against front pulling 
load (FB) 
  Limb Moment (Nm/kg) SD Moment (Nm/kg) SD 
A
m
p
u
te
e
s
 
S1 
(n=11) 
Intact 0.483 0.129 0.297 0.097 
Prosthetic 0.181 0.137 0.147 0.138 
S2 
(n=11) 
Intact 0.489 0.135 0.305 0.119 
Prosthetic 0.173 0.164 0.118 0.114 
Follow-up 
(n=3) 
Intact 0.362 0.025 0.322 0.088 
Prosthetic 0.219 0.178 0.179 0.051 
N
o
n
-A
m
p
u
te
e
s
 S1 
(n=14) 
Right 0.358 0.160 0.245 0.111 
Left 0.353 0.163 0.215 0.111 
S2 
(n=14) 
Right 0.389 0.160 0.247 0.099 
Left 0.398 0.178 0.229 0.087 
Follow-up 
(n=11) 
Right 0.370 0.144 0.274 0.085 
Left 0.380 0.145 0.242 0.093 
S1: without insoles, S2: with insoles, Follow-up: after at least 4 weeks of using insoles 
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All peak magnitudes among the non-amputees, except one in S1, were plantar-flexor 
moments in the front-pulling perturbation, but the direction of peak values was more 
variable among the prosthetic ankle and IL data for the amputee group. For the IL, four 
moments in S1 and three moments in S2 were dorsi-flexor, while four moments in S1 
and five moments in S2 were dorsi-flexor for the prosthetic ankle. The amount was more 
than two times larger in the IL compared to the prosthetic side; however, the magnitudes 
were smaller than in the back-pulling sessions. 
There was a significant difference between the groups’ peak value of ankle moment in 
the sagittal plane (Pillai's trace = 0.542, F(3, 20) = 7.886, p = 0.001, partial eta squared 
effect = 0.542;) and between the perturbation sessions and the intact/prosthetic side of 
the amputees (Pillai's trace = 0.768, F(3, 20) = 22.116, p<0.001, partial eta squared 
effect = 0.768). Insole use did not affect either group (p = 0.422) or the results of the two 
perturbation sessions (p = 0.718). When comparing the three sessions of insole use in 
the non-amputee group (without insoles, using insoles and after at least four weeks of 
use), the use of insoles did not change the peak moment (p = 0.58). 
 
5.3.2.2.2 Hip Flex/Extension Moments 
The positive and negative values are, respectively, flexor and extensor joint moments. 
Figure 5.21 indicates that a positive moment (hip flexor moment) was prominent in the 
non-amputee group, while the moment for the IL of amputees was a large hip extensor 
and in the prosthetic side an alteration of around zero. These moment changes have a 
sinusoidal pattern: initially, a small flexor moment appears in reaction to the load release 
which, in a short time, converts to an extensor moment and, again, to a flexor moment 
to retain balance in both legs. The changes here were sharper and happened over a 
shorter time in the non-amputees compared to the IL, particularly in the prosthetic side 
of the amputees.  
As seen in Table 5.23, the amplitude of the sagittal plane hip moment changes during 
back-pulling perturbation for the IL of the amputees was 2-3 times larger than their 
prosthetic side; it was also larger than in the non-amputees. Similar to the back-pulling 
perturbation, Table 5.23 also shows the amplitude of the sagittal plane hip moment 
changes during front-pulling perturbation for the IL of amputees was 2-3 times greater 
than their prosthetic side; it was also greater than in the non-amputees. 
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A 
 
B 
Figure 5.21 Changes of hip moments in sagittal plane during back-pulling 
sessions, A: Non-Amputees, B: Amputees. -ve indicates hip extensor moments.  
 
Table 5.23 Amplitude of hip moment in sagittal plane during standing balance 
against back/ front pulling loads 
 Prturbation condition 
  Balance against back 
pulling load (BB) 
Balance against front pulling 
load (FB) 
  Limb Moment (Nm/kg) SD Moment (Nm/kg) SD 
A
m
p
u
te
e
s
 
S1 
(n=11) 
Intact 0.109 0.039 0.130 0.040 
Prosthetic 0.050 0.039 0.059 0.029 
S2 
(n=11) 
Intact 0.114 0.040 0.185 0.081 
Prosthetic 0.038 0.011 0.059 0.041 
Follow-up 
(n=3) 
Intact 0.123 0.049 0.174 0.126 
Prosthetic 0.038 0.016 0.055 0.043 
N
o
n
-A
m
p
u
te
e
s
 S1 
(n=14) 
Right 0.081 0.038 0.098 0.072 
Left 0.080 0.033 0.102 0.071 
S2 
(n=14) 
Right 0.071 0.033 0.084 0.026 
Left 0.089 0.061 0.097 0.027 
Follow-up 
(n=11) 
Right 0.070 0.023 0.083 0.035 
Left 0.091 0.030 0.083 0.036 
S1: without insoles, S2: with insoles, Follow-up: after at least 4 weeks of using insoles 
 
Figure 5.22 shows that the hip moment changes in the sagittal plane during front-pulling 
perturbation sessions. Though the magnitudes varied, similar patterns were observed in 
the moments from both feet in the non-amputee group and the intact side of amputees. 
However, as in the back-pulling sessions, the moments were flexor moments for non-
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amputees but extensor moments for the IL of amputees, and around zero for the 
prosthetic side. The prosthetic side has a simple and different pattern at load release: it 
changes to a small extensor moment and, after reaching its peak point, gradually 
changes back to a small flexor moment. 
 
A 
 
B 
Figure 5.22 Changes of hip moments in sagittal plane during front-pulling 
sessions, A: Non-Amputees, B: Amputees. -ve indicates hip extensor moments.  
 
There was a significant difference between the groups’ amplitude of sagittal plane hip 
moment changes during the standing balance (Pillai's trace = 0.76, F(3, 20) = 21.06, 
p<0.001, partial eta squared effect = 0.76), and between the intact and prosthetic side of 
the amputees (Pillai's trace = 0.721, F(3, 20) = 17.263, p<0.001, partial eta squared 
effect = 0.721). Insole use did not affect either group (p = 0.276) or the results of the two 
perturbation sessions (p = 0.343). When comparing the three sessions of insole use in 
the non-amputee group (without insoles, using insoles and after at least four weeks of 
use), there was no significant difference between the flex/extension hip moments in the 
perturbation sessions and right/left sides values (p=0.553) and insoles sessions 
(p=0.846). 
Table 5.24 presents the absolute maximum sagittal plane hip moments which were 
experienced by each hip joint during back-pulling and front-pulling perturbations. As was 
expected from Figure 5.21-A, the peak value was positive (flexor moment) for most of 
the non-amputees during standing balance against a back-pulling load. Only six peak 
values for the right-S1, three for the right-S2, six for the right follow-up, three for the left-
S1, four for the left-S2 and five for the left follow-up sessions had negative values 
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(extensor moment). Meanwhile, for the IL of amputees, only two peak values were 
positive and, in the prosthetic side, five for the S1 and six for the S2 had positive values. 
The absolute magnitude for the IL of amputees was 3-4 times larger than their prosthetic 
side, and it was also more than two times larger than for non-amputees.  
Table 5.24 Peak value of hip moment in sagittal plane against back/ front pulling 
loads 
 Prturbation condition 
  Balance against back 
pulling load (BB) 
Balance against front pulling 
load (FB) 
  Limb Moment (Nm/kg) SD Moment (Nm/kg) SD 
A
m
p
u
te
e
s
 
S1 
(n=11) 
Intact 0.291 0.160 0.226 0.120 
Prosthetic 0.097 0.047 0.078 0.036 
S2 
(n=11) 
Intact 0.293 0.168 0.250 0.174 
Prosthetic 0.079 0.046 0.102 0.049 
Follow-up 
(n=3) 
Intact 0.211 0.103 0.135 0.036 
Prosthetic 0.079 0.036 0.067 0.045 
N
o
n
-A
m
p
u
te
e
s
 S1 
(n=14) 
Right 0.101 0.057 0.130 0.070 
Left 0.095 0.045 0.115 0.036 
S2 
(n=14) 
Right 0.086 0.050 0.114 0.062 
Left 0.110 0.063 0.124 0.036 
Follow-up 
(n=11) 
Right 0.114 0.045 0.148 0.075 
Left 0.118 0.048 0.112 0.059 
S1: without insoles, S2: with insoles, Follow-up: after at least 4 weeks of using insoles 
 
As with the back-pulling sessions, the peak value was not in the same direction for all 
participants. Three moments in S1 and two moments in S2 were flexor moments for the 
IL of amputees. Meanwhile, the number of positive values for the prosthetic side was six 
moments in both S1 and S2 sessions. Non-amputees had nine and 10 positive values, 
respectively, in their right and left sides during the S1 and S2 sessions, and both sides 
presented six maximum positive moments in the follow-up session. The absolute 
magnitude for the IL of amputees was 2-3 times larger than on their prosthetic side. The 
value for the non-amputees was close to that of the prosthetic side of the amputees. 
A significant difference was seen between the groups’ peak value of hip moment in the 
sagittal plane (Wilks’ lambda = 0.469, F(3, 20) = 7.535, p = 0.001, partial eta squared 
effect = 0.531) and between the intact/prosthetic side of the amputees (Wilks’ lambda = 
0.545, F(3, 20) = 5.56, p = 0.006, partial eta squared effect = 0.455). Insole use did not 
affect either group (p=0.466) or the results of the two perturbation sessions (p = 0.368). 
When comparing the three sessions of insole use in the non-amputee group (without 
insoles, using insoles and after at least four weeks of use), the use of insoles did not 
change the peak moment (p = 0.435). 
 
5.3.2.2.3 Sum Flex/Extension Moments 
As was noted in the methodology section, the sum moment was calculated by adding 
the ankle and hip moments of each lower limb in each plane separately. Positive and 
negative values are, respectively, flexor and extensor moments. 
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Figure 5.23 shows a prominent extensor moment occurring during the whole of the 
evaluated time in both groups during back-pulling sessions, which was not unexpected 
since the ankle flex/extension moment was bigger than the hip moment, and so it was 
the main contributor to the sum of the moment value.  
 
A 
 
B 
Figure 5.23 Changes of Sum-moment in sagittal plane during back-pulling 
sessions, A: Non-Amputees, B: Amputees. -ve indicates hip extensor moments. 
 
As seen in Figure 5.24, and as with the back-pulling session, an extensor moment 
occurred during most of the evaluated time in both groups during front-pulling, only 
moving to a flexion moment briefly, in some tests, a short time after load release was 
seen. However, unlike in the back-pulling tests. The extensor moment here reduces on 
load release (sometimes with overshoot, hence the small flexor moment in some cases) 
before returning to an extensor moment. This is to prevent the subject from falling 
backward, whilst in the back-pulling tests, the increase in extensor moment is to prevent 
the subject from falling forwards.  
Table 5.25 presents the amplitude of sum moment changes. After using the insoles, the 
mean of the sum moment shows an increase in the non-amputee group. 
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A 
 
B 
Figure 5.24 Changes of sum-moment in sagittal plane during front-pulling 
sessions, A: Non-Amputees, B: Amputees. -ve indicates hip extensor moments. 
 
Table 5.25 Amplitude and peak value of sum-moment in each test condition 
  Sum Moment (N.m/kg) 
  Amplitude Peak value 
 Test condition Mean  SD Mean  SD 
A
m
p
u
te
e
s
 
BB-S1 (n=11) 0.555 0.114 0.894 0.318 
BB-S2 (n=11) 0.552 0.146 0.870 0.339 
BB-Follow up (n=3) 0.519 0.083 0.726 0.214 
FB-S1 (n=11) 0.514 0.123 0.509 0.206 
FB-S2 (n=11) 0.560 0.162 0.521 0.252 
FB-Follow up (n=3) 0.545 0.072 0.503 0.068 
N
o
n
-A
m
p
u
te
e
s
 BB-S1 (n=14) 0.590 0.228 0.672 0.340 
BB-S2 (n=14) 0.646 0.227 0.764 0.359 
BB-Follow up (n=11) 0.654 0.155 0.759 0.298 
FB-S1 (n=13) 0.524 0.212 0.449 0.099 
FB-S2 (n=14) 0.631 0.155 0.459 0.131 
FB-Follow up (n=11) 0.612 0.129 0.543 0.169 
BB: balance during back-pulling, FB: balance during front-pulling, S1: without insoles, S2: 
with insoles, Follow-up: after at least 4 weeks of using insoles 
 
There was no significant difference in the amplitude of the sagittal plane sum moment 
changes during standing balance between groups (p = 0.866), between perturbation 
sessions (p = 0.545) or in insole use (p = 0.066). When comparing the three sessions of 
insole use in the non-amputee group (without insoles, using insoles and after at least 
four weeks of use), use of insoles was associated with an increased moment amplitude 
in S2, which was maintained in the follow-up (F = 4.054, p = 0.041, partial eta squared 
effect = 0.288). 
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The absolute maximum amount of the sum-moment was expressed by an extensor in 
back-pulling for both amputees and non-amputees. However, in front-pulling, only a few 
peak values were positive (flexor moments). Two in the S1 and three in S2 sessions of 
amputees, and four values in S1/S2 and one in the follow-up sessions of non-amputees, 
were flexor moments. Min-Max values indicate the peak value was highly variable among 
both groups, but the mean value was greater in back-pulling compared to front-pulling.  
There was no significant difference between group peak values of sum moment in the 
sagittal plane (p=0.254) or in insoles use (p=0.557), but there was a significant difference 
between perturbation sessions, which recorded larger values for back-pulling sessions 
(Wilks’ lambda = 0.349, F(1, 22) = 41.076, p<0.001, partial eta squared effect = 0.651). 
When comparing the three sessions of insole use in the non-amputee group (without 
insoles, using insoles and after at least four weeks of use), the use of insoles did not 
significantly change the peak value (p = 0.241). 
Table 5.26 represents the percentage of each joint’s (ankle and hip) contribution to the 
sagittal plane sum moment during back-pulling and front-pulling perturbation.  
Table 5.26 Contribution of each joint moment as percentage of sum-moment’s 
amplitude in the sagittal plane during standing balance against back/front pulling 
loads 
   Balance against back 
pulling load (BB) 
Balance against front 
pulling load (FB) 
  Limb joint Percent of sum 
moment (%) 
SD Percent of sum 
moment (%) 
SD 
A
m
p
u
te
e
s
 
S1 
(n=11) 
Intact ankle 62.6 6.6 57.7 10.1 
Prosthetic ankle 13.1 6.1 14.1 8.9 
Intact hip 16.9 3.5 19.4 5.2 
Prosthetic-side hip 7.5 4.2 8.7 4.2 
S2 
(n=11) 
Intact ankle 63.5 6.1 53.6 7.5 
Prosthetic ankle 12.5 5 13.9 8.7 
Intact hip 17.9 4.1 24.8 7.8 
Prosthetic-side hip 6.1 1.5 7.7 3.7 
Follow-up 
(n=3) 
Intact ankle 61 4.1 56.5 17.0 
Prosthetic ankle 15.1 4.6 14.1 6.9 
Intact hip 18.3 3.9 22.5 9.0 
Prosthetic-side hip 5.6 1.3 6.9 3.2 
N
o
n
-A
m
p
u
te
e
s
 
S1 
(n=14) 
Right ankle 37.9 4.9 37.7 6.1 
Left ankle 38.6 5.3 34.3 5.8 
Right hip 11.8 3.7 13.6 6.1 
Left hip 11.6 3.4 14.4 4.8 
S2 
(n=14) 
Right ankle 38.5 6.2 38.1 6.4 
Left ankle 40.7 6.3 38.0 5.8 
Right hip 9.6 2.1 11.1 3.4 
Left hip 11.2 4.2 12.7 2.8 
Follow-up 
(n=11) 
Right ankle 35.7 5.3 38.2 6.3 
Left ankle 43.2 6 37.9 6.3 
Right hip 9.1 2.2 11.6 4.7 
Left hip 12.0 3.0 11.1 3.3 
BB: balance during back-pulling, S1: without insoles, S2: with insoles, Follow-up: after at least 4 weeks 
of using insoles 
 
As seen, the ankle moment contributes more than the hip to the sum moment. Its 
percentage contribution in non-amputees was almost the same for both right and left 
feet, but, in the amputee group, the IL ankle moment was by far the largest contributor 
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to the sum moment. Interestingly, the hip moment of the IL also had a larger contribution 
than on the prosthetic side and was more of a contributor to the sum moment than it was 
to the sum moment in the non-amputee group. The contribution of each joint in the 
sagittal plane’s sum moment amplitude during front-pulling perturbation was similar to 
back-pulling. Again, the ankle moment contributed more than the hip in the sum moment. 
Its percentage in non-amputees was almost the same for the right and left sides, and 
insole use increased its symmetry. The IL ankle moment in the amputee group 
contributed most to the sum moment. The contribution of the IL’s hip moment was larger 
in the front-pulling compared to the back-pulling.  
These significant differences in the contribution by joints to the magnitudes of amplitude 
of the sagittal plane in the sum moment were found to be as follows:  
1- The contribution of the prosthetic and IL ankle moment in amputees (Wilks’ lambda 
= 0.11, F(3, 20) = 54.072, p<0.001, Partial Eta Squared = 0.89), and the value 
between groups (Wilks’ lambda = 0.109, F(3, 20) = 54.233, p<0.001, Partial Eta 
Squared = 0.891);  
2- The contribution of the prosthetic and IL hip moment, as well as the difference 
between the perturbation sessions, in amputees (Wilks’ lambda = 0.223, F(3, 20) = 
23.176, p<0.001, Partial Eta Squared = 0.777), and the value between groups 
(Wilks’ lambda = 0.224, F(3, 20) = 23.057, p<0.001, Partial Eta Squared = 0.776).  
 
But, the differences between insole use sessions regarding the contribution of ankle 
moments (p = 0.879) and hip moments (p = 0.597) was not significant. Non-significant 
differences were seen in ankle and hip joint contributions (p = 0.064) when comparing 
the three insole use sessions among the non-amputee group.  
5.4 Discussion 
The significant differences between the kinematics and kinetics of the perturbed standing 
balance of the amputee and non-amputee participants will be discussed in the following 
section. Before this, and by reviewing Table 5.1, it should be noted the pain had the 
greatest negative effect on mobility (PEQ-M score), prosthetic use 
satisfaction/evaluation and participants’ comprehension concerning the QOL of TF 
amputees. In addition, those with stump/IL and lower back pain had relatively lower ABC 
scores compared to those without pain. The average ABC score was higher than 80 for 
those who did not suffer IL pain. As was expected, the ABC score presented the most 
extensive information about the balance problems of the participants. Those with falling 
experience or worries about falling or about using a walking aid occasionally had 
significantly lower ABC scores than the group without these problems. These results 
remind us of the importance of pain management to improve mobility and balance in 
amputees.  
5.4.1 Kinematics 
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COP displacements: The amplitude of anteroposterior and mediolateral COP 
displacements were significantly larger for the IL of amputees compared to the non-
amputees, while the displacement was smaller for the prosthetic side (Figure 5.3-Figure 
5.6) (supporting hypotheses number 1-4 about COP displacements). In the literature, 
similar features have been reported for quiet standing (Buckley et al., 2002; Nadollek et 
al., 2002; Hlavackova et al., 2011) or the perturbed standing balance of lower limb 
prosthesis users (Vrieling et al., 2008b; Vatanparast et al., 2009; Bolger et al., 2014). 
But, (Kozáková et al., 2009) reported a greater COP speed and mediolateral COP sway 
in the prosthetic side, and the same anteroposterior displacement for both limbs in TT 
amputees and in quiet standing balance. The smaller prosthetic COP anteroposterior 
displacement might be due to the absence of ankle muscle performance in the artificial 
foot. These muscles have been shown to play a role in regulating the COP position and 
their absence in the prosthetic side requires a greater reliance on the IL. Greater COP 
displacements are considered signs of a lower level of balance control during standing 
(Paillard and Noe, 2015). Ku et al. (2014), in their review paper, also reported inadequate 
balance was associated with larger COP displacements in the IL of amputees. 
Interestingly, several studies have reported larger COP displacement in the quiet 
standing balance of fallers compared with non-fallers (Melzer, I. et al., 2004; Pajala et 
al., 2008; Muir et al., 2013). It is important to consider these findings alongside the results 
related to lower limb amputees as a group at risk of falling due to an impaired 
musculoskeletal system and deficient somatosensory information sent to CNS following 
limb loss.  
The distance between the right and left sides’ COPs can be considered as representing 
the combined mediolateral displacement of both feet’s COP, the base of support width 
and the mediolateral displacement of the COM. It was larger in back-pulling sessions in 
comparison to front-pulling (Figure 5.7) (rejecting hypotheses number 6 and 8, yet 
supporting hypothesis number 7). This might be seen to be due to the participants feeling 
the need to increase the base of support in this perturbation condition. This may be due 
to an initial greater concern about falling when being pulled backwards due to having 
fewer visual clues, Although, the amplitude of mediolateral COP displacement of both of 
the amputees’ limbs was similar to front pulling, indicating that the participants were 
equally capable of regaining balance mediolaterally in both of these perturbation 
directions.  
COM displacements: No significant differences were detected between the amplitude 
of the COM displacement in the anteroposterior direction for amputees and non-
amputees, nor between the two perturbation conditions (Figure 5.8) (supporting 
hypotheses number 6-8 related to anteroposterior COM displacement). It might be an 
indicator of proper control of the CNS on the COM to keep it at the base of support and, 
consequently, maintain balance. In fact, the anteroposterior COP displacement is always 
larger than the COM displacement, which is necessary for balance maintenance: if the 
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COM moves forward, the CNS sends messages to the plantar-flexor muscles to contract 
and bring the COP in front of the COG in order to recover balance (Palmieri et al., 2002).  
The amputees had a larger amplitude of mediolateral COM displacement (Figure 5.9) 
(supporting hypotheses number 6-8 related to mediolateral COM displacement). Bolger 
et al. (2014) reported no difference between the COM displacements of TT amputees 
and non-amputees during perturbed standing balance. However, (Doheny et al., 2012) 
reported a wider range of mediolateral displacement for elderly fallers during standing 
balance. This biomechanical similarity of our TF amputee participants and fallers is 
worthy of consideration.  
Net COP displacements: The amplitude of anteroposterior displacement of the net COP 
was similar in both groups and in the perturbation conditions (Figure 5.10) (supporting 
hypotheses number 6-7 and rejecting hypothesis number 8). However, in spite of there 
being no differences between such conditions, the mediolateral displacement of the net 
COP was larger in the amputees group (Figure 5.11) (supporting hypotheses number6-
8). It seems part of the amputees’ standing balance strategy is to maintain balance by 
alternating the weight bearing of the intact and prosthetic sides. This can also be 
interpreted as a lower level of balance.  
Net COP distance with COG: The amplitude of the distance between the COG and the 
net COP was significantly larger in front-pulling perturbation of the amputees (Figure 
5.12) (rejecting hypotheses number 6 and 8, supporting hypotheses number 7). The 
distance between the COG and net COP during one second before and five seconds 
after load release was greater for the front-pulling condition in comparison to back-pulling 
in both groups (rejecting hypotheses number 6 and 7). The value was larger for back-
pulling and smaller for front-pulling conditions among non-amputees compared to 
amputees during one second before load release (supporting hypothesis number 8). 
According to Winter (1995) inverted pendulum model of the body in standing balance, a 
larger distance between the COG and net COP leads to a larger acceleration of the 
COM. These findings have indicated that front-pulling is a challenging condition, 
particularly for amputees. It should be noted that front-pulling induces a backward fall 
tendency, which produces an insecure balance situation due to the absence of visual 
control related to the forced falling direction.  
 
5.4.2 Kinetics 
Anteroposterior GRF: As was seen in Figure 5.13 and Figure 5.14, the changes of the 
anteroposterior GRF following load release was larger for the IL of amputees (almost 3-
5 times that of the prosthetic side and 1.5 times of non-amputees) during both 
perturbation conditions (Table 5.11), which supports hypotheses number 1-5. The peak 
of the force for the IL was also larger than the prosthetic side and the non-amputee group 
(Table 5.12). The anteroposterior GRF adjusted the movements of the COP and COM 
to the perturbations (Vrieling et al., 2008b). This finding matches a larger anteroposterior 
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COP displacement on the IL. Bolger et al. also reported the same pattern in the force 
magnitude for TT amputees. They suggested that this was due to the inability of the 
prosthetic device to generate an active plantar flexion moment (Bolger et al., 2014). 
Vrieling et al. (2008b) also reported a larger anteroposterior force for the IL of LLAs 
compared to non-amputees during perturbed standing balance, but they observed the 
same large force on the prosthetic side and related it to the use of hip muscles on the 
amputated side and the need to keep the knee joint locked by controlling the COM 
position.  
Mediolateral GRF: The peak and amplitude of the mediolateral GRF had greater values 
for both sides of the amputees compared to the non-amputees (Table 5.13), which 
means hypothesis number 1 and supporting hypothesis number 5 are rejected. In 
addition, the amputees exhibited a larger peak of mediolateral force in the back-pulling 
sessions compared to their front-pulling sessions (supporting hypothesis number 2). 
Bolger et al. (2014) also recorded the same mediolateral forces in the prosthetic and 
intact sides of the TT amputees in standing balance. It has already been observed that 
there was a larger amplitude of mediolateral displacement of the COM and net COP in 
the amputee group. This shows that the prosthetic device could produce mediolateral 
force similar to the IL in response to the mediolateral displacement of the COM, possibly 
due to the greater rigidity of the prosthesis in this direction (i.e., limited inversion/eversion 
at the ankle).  
Vertical GRF: The amplitude of vertical force changes due to the applied perturbation 
for both sides of the amputees was almost the same (10-11% of body weight), but larger 
than in non-amputees (5-7% of body weight). Meanwhile, the peak values of the vertical 
force were 60-68% of body weight for the IL compared to 40-46% of body weight in the 
prosthetic side and 51-53% of body weight for non-amputees (15) (supporting 
hypotheses number 1-5). This asymmetrical vertical force is expected from the observed 
prosthetic and intact side’s COP-COPnet distance, which had already shown greater 
reliance on the IL. It is part of the general balance strategy of LLAs to trust more in their 
intact side. The asymmetrical loading on IL/PLs has been reported in previous balance 
studies (Vrieling et al., 2008b; Vatanparast et al., 2009; Hlavackova et al., 2011). 
However, Bolger et al. (2014) recorded the same vertical GRF magnitude for the intact 
and prosthetic side of TT amputees during perturbed standing balance and suggested, 
in their study, that the subjects were using the prosthesis in a similar way to the IL. This 
apparent difference with the current study is possibly due to the difference between TT 
and TF amputees. However, Vrieling et al. (2008b) and Vatanparast et al. (2009) also 
had TT subjects with a greater reliance on the IL. Interestingly, Mayer et al. (2011) 
reported a more symmetrical role of the limbs in the standing balance of TT amputees 
who had received regular physical therapy, in addition to walking practice sessions. 
These findings indicate the importance of walking practice on standing balance.  
192 
 
Role of limbs in load sharing: The contribution of the limbs in bearing the GRF during 
the one second before load release. Table 5.17 and  
Table 5.18 showed that the IL had the major and the prosthetic side had the minor role 
in the production of anteroposterior force during the back-pulling sessions in within and 
between groups’ comparisons (supporting hypotheses number 1 and 5), while the 
contribution of the limbs in these forces was the same for both sides of the amputees 
during front-pulling. In addition, the symmetrical mediolateral forces were greater in the 
back-pulling sessions for the amputees (rejecting hypothesis number 2 and supporting 
hypothesis number 5). The IL was the main contributor to vertical force bearing (on 
average, 61% of weight) in both perturbation sessions, while the right/left sides of non-
amputees took the same load (supporting hypotheses number 1 and 3-5, rejecting 
hypothesis number 2). During the five seconds after load release (Table 5.19 and Table 
5.20), the contribution of the limbs decreased for the anteroposterior forces but, still, the 
role of the IL was greater than the prosthetic side and the non-amputees in the back-
pulling sessions (supporting hypotheses number 1 and 3-5, rejecting hypothesis number 
2). It did not return to zero net force, as would be expected for a quiet standing after load 
release and which had been seen in the non-amputees. This may indicate a residual 
postural adjustment was made initially to balance the perturbing load or as a consistent 
strategy to compensate for a PL in all situations. It is not possible to clearly state what 
this means in the present study, but it may be worth further investigation. Load release 
did not have an effect on the roles of the limbs in producing mediolateral forces in both 
group and perturbation conditions. Similar to one second before load release, the IL 
contributed the main vertical force during the five second period after load release; 
however, the contribution involved a non-significant decrease of a few percentage points 
during back-pulling and a slight increase during front-pulling (supporting hypotheses 
number 1-5). At the same time, the right/left side of the non-amputees had played the 
same part in both perturbation conditions. These findings again display the dominant role 
of the IL of amputees in their balance. One reason for the lower contribution of prosthesis 
devices in balance might be their inability to transmit forces similar to the IL during 
balance (Bolger et al., 2014), or the discomfort if the user tries to do this. Furthermore, it 
can also be part of the lower limb amputees’ adaptation or compensation strategy to 
optimise their balance (Ku et al., 2014). Symmetrical standing improves the balance of 
healthy people (Kozáková et al., 2009), but for lower limb amputees, it might deteriorate 
the balance. Vanicek, N. et al. (2009a) also reported a greater contribution by the PL in 
weight bearing in TT amputee fallers in comparison with non-fallers. It seems natural that 
amputees rely on the limb which they can fully control instead of the limb which is without 
physiological control of its knee and ankle joints. 
Ankle flex/extension moment: The amplitude and peak of flex/extension ankle 
moments were largest in the IL of amputees and smallest in the prosthetic side during 
both perturbation conditions when compared within and between groups (Table 5.21 and 
Table 5.22) (supporting hypotheses number 1 and 3-5, rejecting hypothesis number 2). 
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These findings are not far from expectations as the lack of a natural ankle joint and its 
musculature had already led to smaller COP displacements and a lower ability to 
produce anteroposterior forces on the prosthetic side. The intact side compensates for 
the deficient role of the prosthetic side; however, the stiffness of the prosthetic ankle-foot 
component can produce a passive moment and, in this way, the prosthetic side might 
have a role in recovering balance, as mentioned in Nederhand et al. (2012) study. 
Unfortunately, the stiffness characteristics of the prostheses used were not collected, 
and so a correlation between the stiffness and joint moments could not be verified. 
Curtze et al. (2012) also observed greater ankle moment by the IL of TT amputees in 
reaction to load release, but they reported that the contribution of the prosthetic ankle in 
front-pulling (backwards falling) increased. They related this to the contribution of the 
passive properties of the prosthetic ankle in balance recovery (Curtze et al., 2012). The 
peak moment was larger for both limbs and groups during back-pulling sessions, which 
might be due to the feeling of insecurity in the participants when confronting a pulling 
load at their backs, which unseen. In response to this, they lean slightly forward. This 
may lead to a larger distance between the action line of the GRF and the ankle joint. This 
consequently produced greater external moments, which were countered by larger 
internal moments.  
Hip flex/extension moment: Similar to trends in the ankle moments but with smaller 
magnitudes, the amplitude and peak of the hip flex/extension moments were largest in 
the IL of amputees and smallest in the prosthetic side, during both perturbation 
conditions, when compared within and between groups (Table 5.23, Table 5.24) 
(supporting hypotheses number 1-5). This is clearly not due to the deficiency in the 
musculature about the hip. Curtze et al. (2012) observed a larger hip moment for the IL 
of TT amputees in reaction to load release, but only in a back-pulling session (front fall). 
Furthermore, the IL of the amputees represented an extensor moment, while the non-
amputees displayed a small flexor hip moment (Figure 5.21, Figure 5.22). The prosthetic 
side’s hip moment was altering around zero, indicating little contribution from the hip on 
the prosthetic side to help balance control. These findings suggest that the line of gravity 
was passing very close to the hip joint on the prosthetic side, the front of the IL hip and 
slightly behind the non-amputee’s hips. The difference between the hip moments of the 
amputees’ intact and prosthetic sides might be part of their postural adjustment to have 
better control of the prosthetic device and to maintain balance, and it indicates greater 
confidence in weight bearing through the IL (and a lack of confidence in and/or 
willingness to rely on the PL). This behaviour may lead to asymmetrical loading of the 
lower back and, consequently, LBP. 
SUM flex/extension moment: The sum moment was calculated as being representative 
of the contribution of the ankle and hip jointsof both lower limbs’ to balance. The 
amplitude of the sum moment had a higher level of variety among non-amputees, but 
the difference between amputees and non-amputees in both perturbation sessions was 
non-significant (supporting hypotheses number 6 and 7, rejecting hypothesis number 8). 
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The peak values were also not statistically different between the two groups, but the 
peak was greater in the back-pulling sessions (rejecting hypotheses number 6-8). When 
comparing each joints’ contribution to the amplitude of the sagittal planes sum-moments 
(Table 5.26), obvious differences were observed between the amputees’ limbs and non-
amputees (supporting hypothesis number 1-5). The main contribution was made by the 
ankle moment in both groups. However, the proportion of its role was around 60% for 
the IL compared to 13-14% for the prosthetic ankle moment, and an almost symmetrical 
34-43% of ankle moments for both sides of the non-amputees. The hip moments had a 
smaller contribution to the sum moment in amputees; it was almost symmetrical for the 
non-amputees (9-12%) but bigger for the IL (17-25%) and smaller for the prosthetic side 
(6-9%). In front-pulling, the contribution of the IL hip moment increased by only a few 
percent compared to the back-pulling. Curtze et al. (2012) reported similar findings (a 
69% contribution of the IL ankle moment) for TT perturbed balance. These findings 
indicate that there was a prominent ankle strategy in the balance of both groups, while 
the amputees were more reliant on the IL ankle function.  
 
5.4.3 Insoles effect 
The insole use did not affect the amputee group’s variables (a rejection of hypothesis 
number 10) and its influence on non-amputees was limited. Even its significant effects 
might be considered to act against better balance control. It increased the 
anteroposterior COP and COM displacement of the non-amputees in front-pulling 
(rejecting hypothesis number 9). The mediolateral displacement of the COM in the follow-
up of the back-pulling session was significantly greater than the value for follow-up to the 
front-pulling for non-amputees (rejecting hypothesis number 9). Use of insoles increased 
the anteroposterior velocity of the COM in both groups and in the perturbation conditions 
(rejecting hypotheses number 9 and 10). Insole use increased the anteroposterior 
displacement of the COPnet in both of the perturbation sessions of non-amputees 
(rejecting hypothesis number 9). It increased the amplitude and distance between the 
COG and COPnet in the non-amputee group before load release (rejecting hypothesis 
number 9). A significant ankle moment increase was observed after using insoles in the 
non-amputee group (rejecting hypothesis number 9). These results might be due to the 
small height of the insoles under the heel, which changes the COPnet and ankle joint 
position related to the line of gravity.  
5.5 Conclusion 
Lower limb amputees are confronted with postural control challenges due to a lack of 
part of the musculoskeletal system, which is important in locomotion and standing, in 
addition to suffering unavoidable impairment of the somatosensory system due to the 
amputation of the limb. The aim of the study presented in this chapter was to evaluate 
the biomechanics of the perturbed standing balance of TF amputees and compare it with 
non-amputees, in addition to investigating the effect of insoles for both groups. This study 
195 
 
has confirmed that the derived pair values were almost the same for both legs of non-
amputees but there was a significant asymmetry between the IL and PLs of amputees. 
This showed that the amputees were more dependent on their IL. In addition, the role of 
the ankle joint was more prominent in maintenance of the balance which, in the absence 
of an ankle with characteristics similar to the natural ankle and plantar-flexor action in 
the PL, led to an increased role of the IL ankle. The amputees experienced greater COP 
displacement and velocity in their IL, which bears similarities with non-amputee fallers 
data and corresponds to the characteristics of low balance. The results also showed that 
the IL of amputees is subjected to larger loads and weight than the prosthetic side and 
the limbs of non-amputees. The majority of studies consider these changes to be 
adjustments made by amputees after amputation and prosthesis use. However, these 
alterations might lead to IL problems, such as overuse injuries and pain, features which 
were reflected in the results of the survey (chapter 3) and experienced by a majority of 
the participants in this study (7 out of 11). Thus, providing some kind of support for the 
IL would be highly beneficial for lower limb amputees. The idea of using insoles was 
proposed on the basis of providing external support for the IL.  
The use of insoles did not lead to any significant changes in the main biomechanical 
variables, particularly among amputees. However, it might have affected some of the 
participants’ data individually. It should be remembered that only three amputees 
participated in the follow-up session, which does not permit us to judge the long-term 
effects of insole use on their biomechanical data. In fact, the amputee participants were 
reluctant to rely symmetrically on their prosthetic device; therefore, overall changes were 
not observed in their balance parameters after insoles use. It might be due to their 
experience of having better balance with less prosthetic weight bearing. Even the effects 
of insoles on the variables involved in balance in the non-amputee group were 
associated with an increase of COP displacements, which are thought to lower the level 
of balance. This might be due to the soft material of the insoles, which leads to less 
control of COP displacements. It may be that the biomechanical data was influenced by 
differences between participants’ footwear. It is also possible that the selected variables 
were not suitable for reflecting the effects of the insoles on balance or that the 
biomechanical effects of insoles will only be observable following long-term use. In 
addition, it cannot be ignored that both groups had healthy somatosensory systems in 
the feet which received the insole (the IL of the amputees and both limbs of the non-
amputees). However, the quantitative evaluation of insoles use showed that almost all 
the participants were happy with them, which shows they had an unknown positive effect 
on their daily locomotion.  
To the best of my knowledge, there is neither any similar published study related to the 
biomechanical evaluation of TF amputees’ perturbed standing balance by the method 
presented in this thesis nor is there any study that evaluates insoles use for LLAs. Thus 
this study has added to the current knowledge about regarding the characteristics of AK 
prosthesis users’ balance and the possibility of insoles use for improving this.  
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Chapter 6  
Discussion 
Summary 
Introduction: Lower limb amputation is one of the musculoskeletal deficiencies which 
people can face mostly as a result of an unfortunate incident or through dysvascular 
diseases, particularly in old age. Based on WHO reports, the rate of people with diabetes 
as the main reason for dysvascularity is increasing globally. In addition, as life 
expectancy increases, the health issues associated with ageing will continue to grow. 
These facts add to our concerns about the problems of current and future lower limb 
amputees (LLAs). The primary need after lower limb amputation is to regain mobility; 
therefore, the main focus of healthcare systems regarding LLAs is on providing prosthetic 
devices. After using a prosthetic device as a compensator for limb loss, LLAs might 
experience several secondary health conditions, such as lower back and intact-side pain, 
frequent falling (Gailey et al., 2008) and, finally, a lower level of quality of life (QOL) due 
to the problems associated with amputation (Asano et al., 2008). In fact, amputees 
normally increase their reliance on their intact-side, which leads to asymmetrical posture 
and possible LBP, resulting in a higher load being placed on the limb, and consequences 
such as lower limb joint pain or degeneration, as well as a reduction in balance. A gap 
exists in assigning appropriate importance to the intact-side of LLAs in comparison to 
their prosthetic side. It is necessary to improve current prosthesis devices and to provide 
support for the intact-side in order to protect this limb from the consequences of the high 
level of dependence amputees may place on it. This current study was developed from 
these facts and from perceived amputee needs. The study consists of two main parts: 1) 
an online survey (Chapter 3); and 2) a biomechanical assessment of LLAs’ balance and 
level walking (Chapters 4 and 5). The survey was designed to provide broad and up-to-
date information about LLA issues related to amputation and prosthesis use, which might 
be managed by orthotic intervention. The particular focus was to determine how the 
problems affect the function/mobility of LLAs and if the problems are connected to 
deficient balance. It was a comprehensive survey as it was administered online, which 
resulted in it not being limited to a certain geographical area. Furthermore, it included 
respondents with all levels of lower limb amputation. It was based on three standard 
questionnaires and contained more than 100 questions. This was presented in the form 
of a single study, as opposed to multiple surveys, which permitted an investigation into 
the inter-relationship between the various problems experienced by LLAs. These 
aspects of the survey have additional advantages when compared to the simple separate 
reviews of previous studies used to investigate different problems in order to reach a 
conclusion. The biomechanical tests were developed according to the LLAs’ issues and 
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the available knowledge about the effectiveness of insoles in confronting the balance 
and musculoskeletal problems encountered by non-amputees. This was a novel idea in 
the field of LLA locomotion studies to use insoles for them. The objective of 
biomechanical tests was to evaluate insoles’ effects on the biomechanical features of 
perturbed standing balance and walking of TF amputees, and the possibility of 
considering their use as external support for the LLAs’ intact-side. In addition, the level 
of functionality of TF amputees was evaluated according to their spatio-temporal 
variables of walking.  
The reviewed literature (Chapter 2) indicated the biomechanical results by using motion 
analysis systems commonly used to differentiate between persons with and without 
deficit balance: for example, the centre of pressure (COP) and centre of mass (COM) 
displacements of fallers are greater than they are for non-fallers. These systems can 
also reveal differences between the kinematics and kinetics of non-amputees and lower 
limb amputees when walking. A considerable number of the studies evaluating insoles 
effects on balance, back and lower limb pains or injuries confirm their positive 
effectiveness. These findings have provided a basis to examine the possibility of insoles 
having positive effects when used with intact-side limbs by LLAs. Furthermore, the 
literature has confirmed that the study of standing balance and walking of affected groups 
such as LLAs by using motion analysis systems (including force platforms) is reliable 
and conventional.  
Survey: The survey presented in Chapter 3 was composed of three standard 
questionnaires in order to collect a broad range of information regarding LLA issues in 
daily life, and the fields which require more work. As mentioned in the aims and 
objectives section of Chapter 2, the survey was designed to investigate LLAs’ main 
issues with regard to their amputation and prosthetic use, particularly concerning their 
functionality in daily activities and balance deficiency, and the relationship between these 
issues. As the survey was online and not paper-based, it provided an opportunity to 
gather answers from participants living in several parts of the world. In total, 155 
respondents with different levels of lower limb amputation participated in the study. The 
responses to the questions in the Prosthesis Evaluation Questionnaire (PEQ) (Legro MW 
et al., 1998) section of the survey indicated a large number of participants suffered from 
phantom limb (79%), phantom pain (68%), stump pain (76%), intact-side pain (72%) and 
lower back pain (75%). The mobility score of the participants with these pains was lower 
than those without them. The mobility score had a positive relationship with the 
satisfaction and QOL scores. The average score of the overall prosthesis evaluation was 
neutral (approximately 5 out of 10) which means many of the participants were in a ‘not 
bad/not good’ condition. The Activities-Specific Balance Confidence (ABC) Scale 
questionnaire (Powell and Myers, 1995) provided information about the level of the 
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participants’ functionality in daily activities and their risk of falling, according to their 
balance confidence. The results of this questionnaire indicated 4/5th of respondents 
needed intervention to improve their balance (Myers et al., 1998). In addition, 3/5th had 
a score of less than 67, which is an indicator of being at risk of falling (Lajoie and 
Gallagher, 2004). A majority of participants (62%) had a history of falling during the 12 
months prior to entering the study, and a greater number of participants (72%) expressed 
concern regarding falling during prosthesis usage. The participants using walking aids 
and those who were suffering pain in various parts of their body recorded lower mobility 
and ABC scores. In addition, the respondents with a lower level of balance confidence 
had worse mobility and QOL scores. Furthermore, there were associations between the 
presence of pain and lower levels of QOL, balance confidence levels, and falling 
experience. As an online survey, we had LLAs who had experienced almost the same 
issues responding from various geographical locations around the world. This allowed 
us to consider their problems as global issues. The findings of the survey emphasized 
the necessity of paying special attention to the management of these issues by related 
institutions (providers of medical treatment and musculoskeletal rehabilitation). The 
results of the survey (concerning mobility and balance deficiency) encouraged us to 
evaluate more carefully the possible effects of insoles use as a means of improving LLAs’ 
balance and walking through conducting a biomechanical analysis of perturbed standing 
balance and self-selected walking among two volunteer groups of TF amputees and non-
amputees. 
Biomechanical research: The biomechanical tests were performed by using motion 
analysis systems; these consist of the motion capture system (multiple high-speed 
cameras) and force platforms. These systems provide precise three-dimensional 
kinematic and kinetic analysis of motion tasks. The main aims of the biomechanical 
studies, presented in chapters 4 and 5, were to evaluate the effect of insoles use on the 
perturbed standing balance and level walking of TF amputees (using mechanical passive 
prosthetic devices) and non-amputees, and then comparing the two groups. The novelty 
of the biomechanical part of the research was related to the evaluation of the effects of 
insoles use on the balance and walking of the TF amputees, as well as applying this 
specific perturbation method for assessment of AK prosthesis users’ balance. As was 
mentioned in the aims and objectives section of Chapter 2, the biomechanical tests were 
conducted to assess the level of functionality of the TF amputees participating in this 
study according to the spatio-temporal variables of level walking and their ABC scale 
and PEQ-M scores. These data would be used to characterise and compare the 
biomechanical features of TF amputees and non-amputees walking; to investigate the 
effects of insoles use on the biomechanical features of TF amputees and non-amputees’ 
walking; to characterise and compare the biomechanical features of TF amputees and 
non-amputees perturbed standing balance; and to investigate the effects of insoles use 
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on the biomechanical features of the amputees and non-amputees’ perturbed standing 
balance. 
Level walking: The amputee participants’ level of functionality and the insoles effects 
on dynamic daily activities were evaluated via a gait analysis of TF amputees and non-
amputees’ walking at a self-selected speed. The amputees had lower levels of 
functionality according to the spatio-temporal variables of their walking, which 
corresponded with their moderate levels of functionality based on their answers to the 
ABC scale and PEQ-M questionnaires. Two amputees did not have any experience of 
walking training, while one of them had experienced recurrent falling in the previous 12 
months and another had severe gait deviation besides also having the lowest level of 
functionality. These might be considered as the reason gait training for LLAs after 
receiving their first prosthetic device is so important. The amputees had shorter spatial 
and longer temporal variables, which led to a slower speed of walking and asymmetrical 
gait patterns, along with them spending more time on their intact limb (longer double 
support and stance phases). These features corresponded with the literature (F 
Farahmand et al., 2006; Uchytil et al., 2013; Jarvis et al., 2017). The kinematic and 
kinetic variables of intact limb, besides their spatio-temporal characteristics, when 
compared to their affected side showed the key role of the intact limb in TF locomotion 
and adaptation to prosthetic use. The prominent ankle and hip powers of intact limbs 
showed the crucial part played by plantar-flexor and hip extensor muscles in TF 
amputees’ walking (Seroussi, R. et al., 1996). The intact limb’s propulsion powers were 
not greater than in the non-amputees, which shows the limbs did not exhibit a kinetic 
compensatory role (Vanicek, N. et al., 2009a). However, the intact limb’s larger hip 
power generation at initial stance compensated for the affected limbs’ simultaneous 
deficient propulsion due to the lack of plantar-flexor power generation (Seroussi, R. et 
al., 1996). Another interesting and new finding was the observation of the dynamic 
balance of the TF amputee participants being similar to the non-amputees on the basis 
of the mediolateral displacement of the COP (Kendell et al., 2010) and the relationship 
between the COP/COG and BOS (Kendell et al., 2010; Nagano and Begg, 2018) at 
mid-stance.  
Perturbed standing balance: As was explained in chapter 5, the perturbations were 
applied to the standing balance of participants through two separate sessions of front 
and back pull/releasing load which, respectively, induced back and front falls. The load 
was adequate enough to disturb the balance without the need for a step to recover from 
it. The results showed extreme differences within the limbs of the amputees and 
between the balance characteristics of the amputees and non-amputees. The 
amplitude of the COP displacements and their velocities, the maximum amount of 
anteroposterior forces, the vertical forces, and the ankle and hip moments were 
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greatest on the intact-side and least on the prosthetic side for amputees. The larger 
COP displacements and velocities are considered indicators of lower levels of balance 
control (Paillard and Noe, 2015). The mediolateral COM displacement of amputees 
was also larger than in non-amputees. This observation is a matter of concern as the 
same feature has been reported for non-amputee fallers (Doheny et al., 2012). Both 
groups used ankle moments to maintain their balance (ankle strategy) but the 
magnitude of the intact-side’s moment was significantly larger than the amputee 
group’s prosthetic side and either leg of the non-amputee group. The prosthetic side 
moment was smaller than in the non-amputee group too. These findings are close to 
Vrieling et al. (2008b) study of TT amputees’ standing balance with a similar 
perturbation system. The Intact-side hip moment of the amputees had an opposite 
pattern to the non-amputee’s moments as it was an extension moment in the amputees 
but a flexion moment in the non-amputees. It was also larger in magnitude than on the 
prosthetic side, which can be interpreted as producing an asymmetrical loading on the 
lumbo-pelvic area of the amputees’ body. This is a potential mechanism which can lead 
to lower back pain in TF amputees. The weight distribution was asymmetrical, with the 
intact limb offering a greater contribution, which is common in LLAs and is part of their 
adaptation to prosthetic use (Ku et al., 2014). The same applies to the level walking: 
the results of the perturbed standing balance study also showed how the intact-side of 
amputees played a key role in their balance, while both legs of the non-amputees 
demonstrated similar features. In contrast to the gait, the level of balance during 
standing was lower for amputees because of the larger displacements of the COP. The 
main reason for this might be the nature of perturbed standing tests, which are not 
experienced by amputees as frequently as an activity such as walking in daily life.  
Insoles effectiveness: Insoles had the least influence on the biomechanical variables, 
and the few observed cases were only related to the non-amputee group (such as the 
initial loading rate in walking). An interesting observation was the elimination of the initial 
impact force in the vertical GRF profile after insoles use in walking; however, only the 
loading rate of the non-amputees was affected by insoles use. Considering the fact that 
LLAs rely more on their intact limb, such an effect of insoles on the impact force might 
decrease the risk of them suffering limb damage. It is known that balance control 
strategies are re-developed during a six months’ period after the first prosthetic fitting in 
lower limb amputees, and it becomes fixed during the subsequent balance-challenging 
conditions and probable falls. In this study, considerable time (more than eighteen years) 
had passed after initial prosthetic use for the participants and, therefore, the lack of 
statistical significance noted for insole use might be due to this and the difficulty of 
manipulating participants’ long-term established balance strategies. From another 
perspective, insoles effectiveness might not be observed through the studied variables 
but through other variables. However, in spite of the non-significant immediate effects of 
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insoles on the studied biomechanical variables, a qualitative evaluation of insoles after 
four weeks of daily use showed that the majority of the participants in both groups had 
positive views about insoles and accordingly, expressed their decision to continue using 
them after finishing the study. This was due to the overall greater comfort they felt. A 
further influence is that greater pressure in the rear and mid part of the intact foot of TF 
amputees was reported during walking (Castro et al., 2014). This might have been 
affected by insoles use in this study and resulted in the participants feeling more 
comfortable during their daily activities. In addition, it has been reported that a 
mechanical effect of insoles use might be the even distribution of plantar pressure 
(Hatton, A.L. et al., 2013). Hence, insoles might improve pressure distribution on the foot 
sole and have led to the positive feedback from the participants.  
 
Limitations  
Like any other research, this study had a number of limitations related to the approach 
to the study design. Regarding the biomechanical studies, we used a convenience 
sampling method which is based on available volunteers for the study and, consequently: 
1- the non-amputee and amputee groups were not age-matched; 2- the amputees’ ages 
differed widely; 3- only males volunteered to participate in the study. All of these factors 
might have affected the results. The literature related to insoles effectiveness was 
generally based on larger sample sizes. In addition, the follow-up session for evaluating 
the longer-term effects of the insoles were attended by only a few amputee participants 
(3 out of 11). Commercial insoles were chosen as they are a cost/time effective orthotic 
device with minimal interference from practitioners in the fabrication process. However, 
using custom-made insoles might have led to a more participant-specific response to the 
insoles and the subsequent biomechanical measures. In this study, the strength of the 
lower limb muscles (in both sides), muscle activation patterns, limb length discrepancies 
and pelvic obliquity were not evaluated. Participants used their normal daily shoes, which 
were diverse in terms of materials and design and this might have affected the results. 
Furthermore, in spite of all amputee participants using mechanical passive prosthetic 
components, the variety of prosthetic knees controlling systems might have had an 
effect, particularly concerning the spatio-temporal variables of walking.  
The survey included a large number of questions and was time-consuming to answer. 
This probably resulted in fewer LLAs wishing to participate. In addition, the online nature 
of it led to there being a limited pool of respondents: i.e., only those who used social 
media and were used to working with a computer.  
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Recommendations for future research 
Future studies should consider the limitations of this work and how to avoid them. In 
addition, the following suggestions might be useful. In further research, it would be worth 
considering the use of custom-made insoles with a corrective function for any foot 
malalignment on balance and the different daily activities of LLAs. Using pressure insoles 
and 3D modelling of the foot might provide more precise information about the insoles 
underlying effect on the foot’s segments. In addition, the muscle activity (EMG) 
information of the lower limb and lumbar muscles should be collected and analysed to 
provide a precise assessment of the impact of the insoles. The neuromuscular analysis 
of the lower limb muscles may shed light on the neuromechanical behaviour of the LLAs 
during such activities. It is likely that muscle activity function differs in TT amputees due 
to the location of the amputation and, as a result, insoles might be more beneficial for 
them. The effect of insoles on the balance and daily activities of a group of amputees 
with specific additional problems, such as LBP or falling, might be associated with 
different results. It would be helpful to investigate whether insole use during the first 
prosthesis fitting could be of benefit for lower limb amputees or not. Another interesting 
area of future study might be an assessment of insoles use together with muscle 
strengthening and balance exercises, or other therapeutic activities designed to improve 
the LLAs’ musculoskeletal condition. In this study, this type of prosthesis was neglected 
in order to illustrate the overall differences in gait and balance of TF amputees and non-
amputees. The amputee participants in this study used mechanical passive prosthetic 
devices. The use of insoles for the intact-side of LLAs with more advanced prosthetic 
components, such as microprocessor controlled knees and hydraulic ankle-foot 
prostheses, might lead to a more symmetrical performance of the lower limbs and 
increase the affected limb contribution during the balance and locomotion of amputees. 
In addition, the reduction of somatosensory sensitivity and blood circulation in the 
amputated and intact-side lower limb amputees have been reported (Quai et al., 2005); 
these are factors which might affect their standing balance. It is necessary to consider 
how the contribution of the amputated side can be increased by improving the 
somatosensory feedback from the prosthetic leg. Moreover, the results of this study 
related to the key role of the ankle joint and its musculature in balance and walking might 
be a matter of interest for prosthetic manufacturers to focus on when designing prosthetic 
devices with the simulation of cuff muscle function. With a larger sample size, the 
comparison between the biomechanical variables of amputees sub-groups, such as for 
those with/without LBP, fallers/non-fallers, different ABC categories or with/without pain 
in different sites of lower limbs, might be worthwhile research. 
Finally, it is important to remember that the survey results emphasized that the majority 
of LLAs struggled with multiple issues related to their amputation and prostheses and 
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these need to be addressed. There was an inter-relationship between these issues, 
which affected the participants’ judgment about their QOL and wellbeing. These issues 
can be a matter of interest to health service providers. There is a need to plan proper 
programs, such as regular prosthetic evaluation, retraining and exercises for walking and 
balance activities, muscle strengthening exercises for both lower limbs, or a combination 
of these methods, and to investigate how these approaches are likely to improve the 
highlighted problems and consequently improve LLAs’ perception about their QOL.  
 
Conclusion  
The data collected via the survey has laid out fresh and broad information about the 
problems of LLAs and the relationship of these problems with their functionality and 
mobility in routine life. A prominent outcome of the survey is the low level of balance and 
mobility in lower limb amputees which affects their functionality. In addition, there is an 
inter-relationship between these deficiencies and their other problems, such as pain and 
their negative judgment about their QOL. I strongly believe that the results of the survey 
have added to current knowledge about amputees’ problems. The results of this survey, 
as a comprehensive piece of research, might inspire other researchers (e.g., in the fields 
of biomechanics, neuromuscular medicine, orthotics and prosthetics) to investigate 
solutions to the problems of LLAs. The range of survey participants’ geographical 
locations has highlighted the fact that the LLA’s issues are broad and common, 
regardless of where they live, even though there might be differences in the services or 
the level of prosthetic technology available. Considering other facts, such as the global 
increase in life expectancy and population age, in addition to the comorbidities 
associated with old age (including those which lead to lower limb amputations), giving 
credence to the results of the survey will be more critical. The results are worth being 
considered and investigated by health/rehabilitation organizations and researchers.  
To the best of my knowledge, the examination of insoles use in lower limb amputees is 
the first of its kind. In addition, there is no similar research to study the balance of TF 
amputees by using this perturbation system. The biomechanical research was designed 
on the basis of the survey results highlighting the related problems of LLAs and the 
effectiveness of insoles as a response to these problems. The conducted biomechanical 
tests broaden our knowledge about perturbed standing balance and walking of trans-
femoral amputees using mechanical passive prosthetic devices. The most significant 
result of these studies was the dominant role of the intact limb in the balance and walking 
of the TF amputees. The posture of the amputees during standing balance according to 
the spatio-temporal features of their walking was asymmetrical with a tendency to rely 
heavily on the intact limb. Furthermore, the amputees had a dynamic balance similar to 
the non-amputees, according to their COP mediolateral displacement and the COM/COP 
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and BOS lateral border distance in the single support phase of walking. It shows their 
adaptation to prosthesis use during walking seems accomplished, which might be due 
to them having been established prosthesis users (for more than 18 years) and being 
active ambulators. Concerning balance, the plantar-flexor muscles of the intact limb had 
a key role to play by producing large ankle moments to maintain balance, while in 
walking, the hip joint muscles of both limbs were active parts, in addition to the ankle 
muscles, to prevent limb collapse and provide body propulsion. The intact limb of the 
amputees had too great a contribution in standing balance. The observed asymmetrical 
function of lower limbs in LLAs might contribute to more musculoskeletal complications, 
such as LBP and intact-side overuse. These findings affirm the need for supporting this 
limb. Moreover, an important result of the evaluation of the amputee participants’ 
functionality was the need for gait training to achieve a better level of physical 
performance. The tests found very few significant changes in the biomechanical 
characteristics of balance and walking due to insoles use. Those which were observed 
were mostly present in the non-amputee group. Although Despite this, one observed 
effect of insoles use in walking was the elimination of the initial impact of vertical ground 
reaction force in non-amputees. As walking is a repetitive daily activity, and lower limb 
amputees rely more on their intact limbs, this effect of insoles use might be beneficial for 
preventing repetitive stress injuries of this limb when they walk at a speed close to that 
of non-amputees. A further observation is that a majority of the participants endorsed the 
long-term use of insoles. Finally, this study has provided the framework for further studies 
to assess new ideas of insoles use in the daily activities of LLAs.  
 
 
 
 
 
 
 
 
 
At the end of all my endeavours to conduct this research, I like to share Louis Pasteur’s 
words, one of the most inspiring people in my life:  
“And, whatever your career may be, do not let yourselves become tainted by 
a deprecating and barren scepticism, do not let yourselves be discouraged 
by the sadness of certain hours which pass over nations. Live in the serene 
peace of laboratories and libraries. Say to yourselves first: 'What have I done 
for my instruction? 'and, as you gradually advance, 'What have I done for my 
country?' until the time comes when you may have the immense happiness 
of thinking that you have contributed in some way to the progress and to the 
good of humanity. But, whether our efforts are or not favoured by life, let us 
be able to say, when we come near the great goal: 'I have done what I could'.”  
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Appendix A 
A1: English Version of the Survey 
Balance and lower back pain in lower limb amputees 
 
Introduction 
Dear participant 
We are inviting you to take part in a research study that we are conducting to better 
understand how lower back pain and balance problems affect lower limb prosthesis 
users. If you would like to be involved, you will simply be asked to complete a 
questionnaire that includes questions about your health, balance confidence, and 
experience of low back pain. If you are a prosthesis user you will also be asked about 
your reason for using a prosthesis, the type of prosthesis used and your experience of 
using your prosthesis. The questionnaire will take approximately 15-30 minutes to 
complete. 
You do not need to be suffering from back pain or balance problems for your 
answers to be useful to us. 
The data and information we obtain will be published, but no individual will be identified. 
We will also use the results to help us understand other research we are doing to help 
improve lower back pain and balance problems in lower limb amputees. 
All responses will be treated in confidence and you do not need to give us your name or 
contact details. If you do not wish to continue then we thank you for taking the time 
to read this introduction. 
If you do wish to continue, we will consider that you have given consent for us to 
use the data obtained as described above only once you have submitted your 
responses by selecting "Finish" button at the end of the questionnaire. 
As you read each question, remember there is no right or wrong answer. Just think of 
YOUR OWN OPINION on the topic and choose the best available option to show us your 
opinion. Some of the questions require a response in order for us to be able to analyse 
the results appropriately. If you feel unable to answer these questions, then you may 
withdraw from the research by closing the questionnaire and none of your responses will 
be saved. As we do not automatically collect your contact details, once you finish the 
survey by pressing the "Finish" button at the end of the questionnaire, we will not be able 
to withdraw your data from the study. 
Thank You. 
Dr Neil Messenger (Project supervisor) 
Ms Tahmineh Rezaeian (Researcher)  
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1- Do you wish to proceed?  
 Yes, I understand the nature and purpose of this survey and agree to participate. 
 No, I do not wish to participate in this survey 
 
About you and your health 
2- Do you classify yourself as: Male               Female 
 
3- Age (date of birth)  
 
4- How did you find out about this survey?  
 Web search (e.g. google)          Friend or Family                     Facebook Group 
 Medical Professional (e.g. Doctor or Physiotherapist) 
 Support group newsletter        News or magazine article     Other 
If you selected Other, please specify:  
 
5- Where do you normally live?  
 
6- Do you have any Hearing Loss?  
Normal hearing                                Slight hearing loss 
Mild hearing loss                              Moderate hearing loss 
Moderately severe hearing loss       Severe hearing loss 
Profound hearing loss 
 
7- Do you have any visual impairment?  
None 
Mild - Longsighted and use glasses for reading clearly 
Mild - Shortsighted and use glasses to see objects at a distance clearly 
Have been classified as sight impaired 
Have been classified as severely sight impaired 
 
8- Have you ever been diagnosed as suffering from vertigo?  
Yes No 
 
Is this diagnosis current (is this a current problem)?  
Yes No 
 
9- Do you smoke?  
Smoker      Ex-smoker       Non-smoker 
 
10- Thinking about your normal week, would you say that you drink alcohol:  
Daily                 Nearly every day 
3 to 4 times a week           2 times a week 
Once a week             Less than once a week 
Do not drink alcohol           Other 
If you selected Other, please specify:  
 
11- Do you have any of the following diseases?  
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Heart and pulmonary diseases      Parkinson’s disease 
Stroke                                            Multiple Sclerosis 
Peripheral neuropathy                   Osteo or rheumatoid arthritis 
None of these 
 
12- Medication (please list any regular medication you are taking)  
 
13- Do you have a lower limb amputation?  
Yes No 
 
About your prosthesis 
This section of the questionnaire will ask you about your prosthesis. 
If you are a bilateral amputee, please complete this for your right leg, we will then ask 
you to repeat the questions but for your left leg in the next section. 
 
14- What was the date of your amputation? (if you do not remember the exact date 
please give your best guess)  
 
15- What was the cause of your amputation?  
 Peripheral arterial disease         Secondary to Diabetes 
 Cancer                                       Severe infection 
 Serious trauma/injury                 Congenital condition 
 Limited function due to deformity or sever pain. 
 Other 
 If you selected Other, please specify: 
 
16- Amputation location  
Above knee                      Knee disarticulation  
Below knee                       Ankle and foot  
Hip disarticulation             Hemipelvectomy 
 
17- When did you first start to use a prosthetic limb?  
 
18- When did you start to use your current prosthetic limb?  
 
19- If you know it, please indicate the makers name and model of your current prosthesis.  
 
20- Who provided/funded your prosthesis?  
 National Health Service            Charitable Organisation 
 Privately Funded                       Other 
If you selected Other, please specify:  
 
21- How often do you use your prosthesis?  
 Every day for most or all of the day      Every day for some of the day 
 4 to 6 days a week             3 to 4 days a week             1 to 2 days a week 
 Less than once a week      Rarely                                 Other 
If you selected Other, please specify:  
226 
 
22- Thinking about most days, how would you describe the condition of your stump? 
(Please select as many as are relevant)  
 Good/ no problems                                              Swelling  
 Painful (other than phantom pain)                       Itchy  
 Uncomfortable (sensation other than pain)         Hot  
 Ulcered                                                                Other 
If you selected Other, please specify:  
 
23- Do you have phantom pain?  
Yes                 No 
 
24- On which leg do you use a prosthesis? 
Right               Left                       Both (Bilateral)  
 
About your intact limb 
25- Do you suffer pain in your intact leg when walking or after walking?  
Yes No 
 
If yes where is this usually (select as many as apply)  
 The hip joint                  The knee joint 
 The ankle joint              In the foot 
 In the shins                   Other 
If you selected Other, please specify 
 
Your bilateral prosthesis 
This section of the questionnaire will ask you about your prosthesis for your left leg 
assuming that you answered for your right leg in the previous section. If you did not, do 
not worry, just answer for the opposite leg to that in the previous section. 
26- What was the date of your amputation? 
 
27- What was the cause of your amputation?  
 Peripheral arterial disease                                                   Secondary to Diabetes 
 Cancer                                                                             Severe infection 
 Serious trauma/injury                                                       Congenital condition 
 Limited function due to deformity or sever pain               Other 
 
 If you selected Other, please specify: 
 
28- Amputation location  
Above knee                       Knee disarticulation  
Below knee                        Ankle and foot  
Hip disarticulation              Hemipelvectomy 
 
29- When did you first start to use a prosthetic limb on this side? (Please leave blank if 
it was at the same time as your other limb).  
30- When did you start to use your current prosthetic limb on this side? (Please leave 
blank if it was at the same time as the other limb)  
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31- If you know it, please indicate the makers name and model of your current prosthesis 
 
32- Thinking about most days, how would you describe the condition of your stump? 
(Please select as many as are relevant).  
 Good/ no problems                                                    Swelling  
 Painful (other than phantom pain)                             Itchy  
 Uncomfortable (sensation other than pain)               Hot  
 Ulcered                                                                      Other 
If you selected Other, please specify:  
  
33- Do you have phantom pain?  
Yes No 
 
Prosthesis Evaluation Questionnaire (PEQ) 
The questions in this part of the questionnaire are designed to find out how using a 
prosthesis affects you and your everyday life. If you use a prosthesis on both legs, please 
think about your prosthesis use in general. 
For each of the following questions, please indicate your answer by marking a number 
0-10. 
Please try to complete them all. 
These questions are about YOUR PROSTHESIS. 
34- Over the past four weeks, rate how happy you have been with your current 
prosthesis.  
 0 1 2 3 4 5 6 7 8 9 10  
Extremely 
Unhappy 
           
Extremely 
Happy 
 
35- Over the past four weeks, rate the fit of your prosthesis.  
 0 1 2 3 4 5 6 7 8 9 10  
Terrible 
           
Excellent 
 
36- Over the past four weeks, rate the weight of your prosthesis.  
 0 1 2 3 4 5 6 7 8 9 10  
Terrible 
           
Excellent 
37- Over the past four weeks, rate your comfort while standing when using your 
prosthesis.  
 0 1 2 3 4 5 6 7 8 9 10  
Terrible 
           
Excellent 
 
38- Over the past four weeks, rate your comfort while sitting when using your 
prosthesis.  
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 0 1 2 3 4 5 6 7 8 9 10  
Terrible 
           
Excellent 
 
39- Over the past four weeks, rate how often you felt off balance while using your 
prosthesis.  
 0 1 2 3 4 5 6 7 8 9 10  
All the 
Time 
           
Not at 
All 
 
40- Over the past four weeks, rate how much energy it took to use your prosthesis 
for as long as you needed it.  
 0 1 2 3 4 5 6 7 8 9 10  
Completely 
Exhausting 
           
None 
at All 
 
41- Over the past four weeks, rate how often your prosthesis made squeaking, 
clicking, or belching sounds.  
 0 1 2 3 4 5 6 7 8 9 10  
Always 
           
Never 
 
42- If it made sounds in the past 4 weeks, rate how bothersome these sounds were 
to you.  
 0 1 2 3 4 5 6 7 8 9 10  
Extremely 
bothersome 
           
Not at 
All 
OR It made no sounds. 
 
43- Over the past four weeks, rate the damage done to your clothing or prosthesis 
cover by your prosthesis.  
 0 1 2 3 4 5 6 7 8 9 10  
Extensive 
Damage 
           
None 
 
44- Over the past four weeks, rate your ability to wear the shoes (different heights, 
styles) you prefer.  
 0 1 2 3 4 5 6 7 8 9 10  
Can 
not 
           
No 
problem 
 
45- Over the past four weeks, rate how much of the time your residual limb was 
swollen to the point of changing the fit of your prosthesis.  
 0 1 2 3 4 5 6 7 8 9 10  
All the 
Time 
           
Never 
 
46- Over the past four weeks, rate any rash(es) that you got on your residual limb.  
 0 1 2 3 4 5 6 7 8 9 10  
Extremely 
bothersome 
           
Not at 
All 
 
47- Over the past four weeks, rate any blisters or sores that you got on your 
residual limb. 
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 0 1 2 3 4 5 6 7 8 9 10  
Extremely 
bothersome 
           
Not at 
All 
Bodily sensations 
This section will ask you about pain and other sensations you may experience 
where: 
• SENSATIONS are feelings like "pressure", "tickle" or a sense of position or location, such 
as the toes being curled. Amputees have described sensations in their missing 
(phantom) limb such as "the feeling that my (missing) foot is wrapped in cotton." 
• PAIN is a more extreme sensation described by terms such as "shooting", "searing", 
"stabbing", "sharp", or "ache". 
• PHANTOM LIMB refers to the part that is missing. People have reported feeling 
sensations and/or pain in the part of the limb that has been amputated — that is, in their 
phantom limb. 
• RESIDUAL LIMB (STUMP) refers to the portion of your amputated limb that is still 
physically present. 
 
48- Over the past four weeks, rate how often you have been aware of non-painful 
sensations in your phantom limb.  
 never                                                     only once or twice 
 a few times (about once/week)              fairly often (2-3 times/week) 
 very often (4-6 times/week)                    several times every day 
 all the time or almost all the time 
 
49- If you had non-painful sensations in your phantom limb during the past month, 
rate how intense they were on average.  
 0 1 2 3 4 5 6 7 8 9 10  
Extremely 
intense 
           
Extremely 
Mild 
OR I did not have non-painful sensations in my phantom limb. 
 
50- Over the past month, how bothersome were these sensations in your phantom 
limb?  
 0 1 2 3 4 5 6 7 8 9 10  
All 
the 
Time            
Never 
OR I did not have non-painful sensations in my phantom limb. 
 
51- Over the past four weeks, rate how often you had pain in your phantom limb.  
 never                                                  only once or twice 
 a few times (about once/week)          fairly often (2-3 times/week) 
 very often (4-6 times/week)                several times every day 
 all the time or almost all the time 
 
52- How long does your phantom limb pain usually last?  
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 I have none                             a few seconds              a few minutes              
 several minutes to an hour      several hours               a day or two 
 more than two days 
 
53- If you had any pain in your phantom limb this past month, rate how intense it 
was on average.  
 0 1 2 3 4 5 6 7 8 9 10  
Extremely 
intense 
           
Extremely 
Mild 
OR I did not have any pain in my phantom limb. 
 
54- In the past four weeks how bothersome was the pain in your phantom limb?  
 0 1 2 3 4 5 6 7 8 9 10  
Extremely 
bothersome 
           
Extremely 
Mild 
OR I did not have any pain in my phantom limb. 
 
55- Over the past four weeks, rate how often you had pain in your residual limb.  
 never                                               only once or twice 
 a few times (about once/week)
 
       fairly often (2-3 times/week) 
 very often (4-6 times/week)             several times every day 
 all the time or almost all the time 
 
56- If you had any pain in your residual limb over the past four weeks, rate how 
intense it was on average.  
 0 1 2 3 4 5 6 7 8 9 10  
Extremely 
intense 
           
Extremely 
Mild 
OR I did not have any pain in my residual limb. 
 
57- Over the past four weeks how bothersome was the pain in your residual limb?  
 0 1 2 3 4 5 6 7 8 9 10  
Extremely 
bothersome 
           
Extremely 
Mild 
OR I did not have any pain in my residual limb. 
 
58- Over the past four weeks, rate how often you had pain in your other (non-amputated) 
leg or foot.  
 never                                                         only once or twice 
 a few times (about once/week)                 fairly often (2-3 times/week) 
 very often (4-6 times/week)                       several times every day 
 all the time or almost all the time 
 
59- If you had any pain in your other leg or foot over the past four weeks, rate how 
intense it was on average.  
 0 1 2 3 4 5 6 7 8 9 10  
Extremely 
intense 
           
Extremely 
Mild 
OR I did not have any pain in my other leg or foot. 
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 60- Over the past four weeks how bothersome was the pain in other leg or foot?  
 0 1 2 3 4 5 6 7 8 9 10  
Extremely 
bothersome 
           
Extremely 
Mild 
OR check I had no pain in my other leg or foot. 
 
Social and emotional aspects of using a prosthesis 
61- Over the past four weeks, rate how frequently you were frustrated with your 
prosthesis.  
 0 1 2 3 4 5 6 7 8 9 10  
All the 
Time 
           
Never 
 
62- If you were frustrated with your prosthesis at any time over the past month, 
think of the most frustrating event and rate how you felt at that tune.  
 0 1 2 3 4 5 6 7 8 9 10  
Extremely 
Frustrated 
           
Not at 
All 
 
63- Over the past 4 weeks, rate how much your prosthesis has hindered you 
socially.  
 0 1 2 3 4 5 6 7 8 9 10  
A great 
deal 
           
Not at 
All 
Your ability to move around 
64- Over the past four weeks, rate your ability to walk when using your prosthesis.  
 0 1 2 3 4 5 6 7 8 9 10  
Can not 
 
 
 
  
 
 
 
 
  
No problem 
 
65- Over the past four weeks, rate your ability to walk IN CLOSED SPACES when 
using your prosthesis.  
 0 1 2 3 4 5 6 7 8 9 10  
Can not 
 
 
 
  
 
 
 
 
  
No problem 
 
66- Over the past four weeks, rate your ability to walk up stairs when using your 
prosthesis.  
 0 1 2 3 4 5 6 7 8 9 10  
Can not 
 
 
 
  
 
 
 
 
  
No problem 
 
67- Over the past four weeks, rate your ability to walk down stairs when using your 
prosthesis.  
 0 1 2 3 4 5 6 7 8 9 10  
Can not 
 
 
 
  
 
 
 
 
  
No problem 
 
68- Over the past four weeks, rate your ability to walk up a steep hill when using 
your prosthesis.  
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 0 1 2 3 4 5 6 7 8 9 10  
Can not 
 
 
 
  
 
 
 
 
  
No problem 
 
69- Over the past four weeks, rate your ability to walk down a steep hill when using 
your prosthesis.  
 0 1 2 3 4 5 6 7 8 9 10  
Can 
not 
           
No 
problem 
 
70- Over the past four weeks, rate your ability to walk on pavements and streets 
when using your prosthesis.  
 0 1 2 3 4 5 6 7 8 9 10  
Can 
not 
           
No 
problem 
 
71- Over the past four weeks, rate your ability to walk on slippery surfaces (e.g. 
wet tile, snow, a rainy street, or a boat deck) when using your prosthesis.  
 0 1 2 3 4 5 6 7 8 9 10  
Can 
not 
           
No 
problem 
 
72- Over the past four weeks, rate your ability to get in and out of a car when using 
your prosthesis.  
 0 1 2 3 4 5 6 7 8 9 10  
Can 
not 
           
No 
problem 
 
73- Over the past four weeks, rate your ability to sit down and get up from a chair 
with a high seat (e.g., a dining chair, a kitchen chair, an office chair).  
 0 1 2 3 4 5 6 7 8 9 10  
Can 
not 
           
No 
problem 
 
74- Over the past four weeks, rate your ability to sit down and get up from a low or 
soft chair (e.g. an easy chair or deep sofa).  
 0 1 2 3 4 5 6 7 8 9 10  
Can 
not 
           
No 
problem 
 
75- Over the past four weeks, rate your ability to sit down and get up from the 
toilet.  
 0 1 2 3 4 5 6 7 8 9 10  
Can 
not 
           
No 
problem 
 
76- Over the past four weeks, rate your ability to shower or bathe safely.  
 0 1 2 3 4 5 6 7 8 9 10  
Can 
not 
           
No 
problem 
 
Your satisfaction with your prosthesis 
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77- Over the past four weeks, rate how satisfied you have been with your 
prosthesis.  
 0 1 2 3 4 5 6 7 8 9 10  
Extremely 
dissatisfied 
           
Extremely 
satisfied 
 
78- Over the past four weeks, rate how satisfied you have been with how you are 
walking.  
 0 1 2 3 4 5 6 7 8 9 10  
Extremely 
dissatisfied 
           
Extremely 
satisfied 
 
79- Over the past four weeks, how would you rate your quality of life?  
 0 1 2 3 4 5 6 7 8 9 10  
Worst 
possible life 
           
Best 
possible life 
 
80- Overall, how satisfied are you with the walking and prosthetic training you 
have received since your amputation.  
 0 1 2 3 4 5 6 7 8 9 10  
Extremely 
dissatisfied 
           
Extremely 
satisfied 
OR I have not had any training since my amputation. 
 
What is important about your prosthesis? 
81- How important is the appearance of your prosthesis (how it looks)?  
 0 1 2 3 4 5 6 7 8 9 10  
Not at 
All 
           
Extremely 
important 
 
82- How important is it to you to be able to wear different kinds of shoes (heights 
or styles 
 0 1 2 3 4 5 6 7 8 9 10  
Not at 
All 
           
Extremely 
important 
83- How bothersome to you is swelling in your residual limb (stump)?  
 0 1 2 3 4 5 6 7 8 9 10  
Extremely 
bothersome 
           
Not 
at 
All  
 
84- How important is being able to walk up a steep hill?  
 0 1 2 3 4 5 6 7 8 9 10  
Not 
at 
All            
Extremely 
important 
 
85- If any of the following have happened in the past four weeks, please check off and 
give a brief description:  
 a serious medical problem (yours)                            a noticeable change in pain 
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 a serious personal problem (yours)                             a serious problem in the 
family 
 some other big change has occurred in your life 
If you checked any of the five previous items, please give a brief description.  
 
86- Please share with us anything else about you or your prosthesis that you think would 
be helpful for us to know.  
 
Balance confidence 
This section will ask you questions about your balance confidence 
87- Do you worry about falling when using your prosthesis?      Yes No 
 
If yes, rate how worried you are about falling?  
 0 1 2 3 4 5 6 7 8 9 10  
Extremely worried 
and it severely 
limits the things I 
can do 
           
Only a little 
worried and it 
does not limit 
my activities 
 
88- Have you ever fallen when using your prosthesis in the last 12 months?  
Yes No 
 
If yes, how many times have you fallen in the last 12 months?  
1              2            3 
4              5            6 
7              8            9 
10              more than 10 
 
89- Do you normally walk unaided (i.e. without using sticks, crutches or walking frames 
etc)?)  
Yes No 
If NO, which of the following do you normally use?  
 Single walking stick        Single elbow crutch 
 Two walking sticks         Two elbow crutches 
 Walking frame without wheels    Walking frame with wheels 
 Other 
If you selected Other, please specify:  
The Activities-specific Balance Confidence (ABC) Scale 
This part of questionnaire is about your balance confidence in performing different 
activities. For each of the following activities, please indicate your level of self-confidence 
by marking a number 0-10; Zero stands for “no confidence” and 10 stands for “completely 
confident". 
Please answer all questions. 
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90- How confident are you that you will not lose your balance or become unsteady 
when you walk around the house?  
 0 1 2 3 4 5 6 7 8 9 10  
No 
confidence 
           
Completely 
confident 
91- How confident are you that you will not lose your balance or become unsteady 
when you up or down stairs?  
 0 1 2 3 4 5 6 7 8 9 10  
No 
confidence 
           
Completely 
confident 
OR  I never do this 
 
92- How confident are you that you will not lose your balance or become unsteady 
when you bend over and pick up something from the floor such as a slipper or 
shoe?  
 0 1 2 3 4 5 6 7 8 9 10  
No 
confidence 
           
Completely 
confident 
OR  I never do this 
 
93- How confident are you that you will not lose your balance or become unsteady 
when you reach for a small can off of a shelf at eye level?  
 0 1 2 3 4 5 6 7 8 9 10  
No 
confidence 
           
Completely 
confident 
OR  I never do this 
 
94- How confident are you that you will not lose your balance or become unsteady 
when you reach for something above your head?  
 0 1 2 3 4 5 6 7 8 9 10  
No 
confidence 
           
Completely 
confident 
OR  I never do this 
 
95- How confident are you that you will not lose your balance or become unsteady 
when you stand on a chair and reach for something?  
 0 1 2 3 4 5 6 7 8 9 10  
No 
confidence 
           
Completely 
confident 
OR  I never do this 
 
96- How confident are you that you will not lose your balance or become unsteady 
when you sweep the floor?  
 0 1 2 3 4 5 6 7 8 9 10  
No 
confidence 
           
Completely 
confident 
OR  I never do this 
 
 
 
97- How confident are you that you will not lose your balance or become unsteady 
when you walk outside the house to a car parked in the driveway?  
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 0 1 2 3 4 5 6 7 8 9 10  
No 
confidence 
           
Completely 
confident 
OR  I never do this 
 
98- How confident are you that you will not lose your balance or become unsteady 
when you get into or out of a car?  
 0 1 2 3 4 5 6 7 8 9 10  
No 
confidence 
           
Completely 
confident 
OR  I never do this 
 
99- How confident are you that you will not lose your balance or become unsteady 
when you walk across a car park to a supermarket?  
 0 1 2 3 4 5 6 7 8 9 10  
No 
confidence 
           
Completely 
confident 
OR  I never do this 
 
100- How confident are you that you will not lose your balance or become unsteady 
when you walk up or down a ramp or slope?  
 0 1 2 3 4 5 6 7 8 9 10  
No 
confidence 
           
Completely 
confident 
OR  I never do this 
 
101- How confident are you that you will not lose your balance or become unsteady 
when you walk in a crowded space where people rapidly walk past you?  
 0 1 2 3 4 5 6 7 8 9 10  
No 
confidence 
           
Completely 
confident 
OR  I never do this 
 
102- How confident are you that you will not lose your balance or become unsteady 
when you are bumped into by people as you walk through town or a shopping 
arcade?  
 0 1 2 3 4 5 6 7 8 9 10  
No 
confidence 
           
Completely 
confident 
OR  I never do this 
 
103- How confident are you that you will not lose your balance or become unsteady 
when you step onto or off an escalator while you are holding onto a railing?  
 0 1 2 3 4 5 6 7 8 9 10  
No 
confidence 
           
Completely 
confident 
OR  I never do this 
 
 
104- How confident are you that you will not lose your balance or become unsteady 
when you step onto or off an escalator while holding onto parcels such that you 
cannot hold onto the railing?  
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 0 1 2 3 4 5 6 7 8 9 10  
No 
confidence 
           
Completely 
confident 
OR  I never do this 
 
105- How confident are you that you will not lose your balance or become unsteady 
when you walk outside on icy pavements?  
 0 1 2 3 4 5 6 7 8 9 10  
No 
confidence 
           
Completely 
confident 
OR  I never do this 
 
Low back pain 
The next section of the questionnaire deals with lower back pain. If you do not 
suffer from lower back pain and you chose this option you will be taken to the 
final section of the questionnaire. 
106- Do you suffer pain in your lower back?  Yes No 
Oswestry Low Back Pain Disability Questionnaire 
This part of questionnaire has been designed to give us information as to how your back 
pain is affecting your ability to manage in everyday life. Please answer by checking ONE 
box in each section for the statement which best applies to you. We realise you may 
consider that two or more statements in any one section apply but please just shade out 
the spot that indicates the statement which most clearly describes your problem. 
 
107- Pain intensity  
 The pain is very mild at the moment 
 The pain is moderate at the moment 
 The pain is fairly severe at the moment 
 The pain is very severe at the moment 
 The pain is the worst imaginable at the moment 
 
108- Personal care (washing, dressing etc)  
 I can look after myself normally without causing extra pain 
 I can look after myself normally but it causes extra pain 
 It is painful to look after myself and I am slow and careful 
 I need some help but manage most of my personal care 
 I need help every day in most aspects of self-care 
 I do not get dressed, I wash with difficulty and stay in bed 
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109- Lifting  
 I can lift heavy weights without extra pain 
 I can lift heavy weights but it gives extra pain 
 Pain prevents me from lifting heavy weights off 
 the floor, but I can manage if they are conveniently placed eg. on a table 
 Pain prevents me from lifting heavy weights, but I can manage light to medium weights 
if they are conveniently positioned 
 I can lift very light weights 
 I cannot lift or carry anything at all 
 
110- Walking  
 Pain does not prevent me walking any distance 
 Pain prevents me from walking more than 2 kilometres 
 Pain prevents me from walking more than 1 kilometre 
 Pain prevents me from walking more than 500 metres 
 I can only walk using a stick or crutches 
 I am in bed most of the time 
 
111- Sitting  
 I can sit in any chair as long as I like 
 I can only sit in my favourite chair as long as I like 
 Pain prevents me sitting more than one hour 
 Pain prevents me from sitting more than 30 minutes 
 Pain prevents me from sitting more than 10 minutes 
 Pain prevents me from sitting at all 
 
112- Standing  
 I can stand as long as I want without extra pain 
 I can stand as long as I want but it gives me extra pain 
 Pain prevents me from standing for more than 1 hour 
 Pain prevents me from standing for more than 3 minutes 
 Pain prevents me from standing for more than 10 minutes 
 Pain prevents me from standing at all 
 
113- Sleeping  
 My sleep is never disturbed by pain 
 My sleep is occasionally disturbed by pain 
 Because of pain I have less than 6 hours sleep 
 Because of pain I have less than 4 hours sleep 
 Because of pain I have less than 2 hours sleep 
 Pain prevents me from sleeping at all 
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114- Sex life (if applicable) if you prefer not to answer this question please move to 
next question  
  My sex life is normal and causes no extra pain 
  My sex life is normal but causes some extra pain 
  My sex life is nearly normal but is very painful 
  My sex life is severely restricted by pain 
  My sex life is nearly absent because of pain 
  Pain prevents any sex life at all 
 
115- Social life  
 My social life is normal and gives me no extra pain 
 My social life is normal but increases the degree of pain 
 Pain has no significant effect on my social life apart from limiting my more energetic 
interests eg, sport 
 Pain has restricted my social life and I do not go out as often 
 Pain has restricted my social life to my home 
 I have no social life because of pain 
 
116- Travelling  
 I can travel anywhere without pain 
 I can travel anywhere but it gives me extra pain 
 Pain is bad but I manage journeys over two hours 
 Pain restricts me to journeys of less than one hour 
 Pain restricts me to short necessary journeys under 30 minutes 
 Pain prevents me from travelling except to receive treatment 
 
 
Thank you 
Dear participant 
Thank you for completing the questionnaire; we greatly appreciate your participation. 
It will take some time for us to finish the analysis of the data obtained in this study but 
we hope that the results obtained will eventually help us to improve the quality of life of 
amputees and those with balance and low back pain problems. 
We do not automatically collect email or computer IP addresses so your response is 
currently totally anonymous but if you would like to be kept informed of the progress of 
our work or would be interested in participating in future studies you can do so by leaving 
your email address. We will not publish, sell, or otherwise divulge your address unless 
you give us written informed permission to do so. 
  
If you would like to find out more about Biomedical Sciences at the University of Leeds 
please visit www.fbs.leeds.ac.uk/research/ 
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Further information  
 I would like to leave my email address and receive further information 
 I do not wish to receive any further information form you 
For further information 
You have selected to receive further information. If you have changed your mind, please 
select the back button below. Otherwise please enter your email address and select the 
type of information you would like to receive. 
Please enter a valid email address. 
 
Please select  
 I would like to receive information about the outcome of this research 
 I would like to receive information about future research projects in which I may be 
able to participate 
 
Submit 
Clicking the “Finish” button below will submit your responses and indicate that you give 
consent for us to use these in our research. We cannot see your responses until this 
action is performed but once you do so we will not be able to remove them from 
database. 
Please select  
 I am ready to finish and submit my responses and understand that once I do so my 
data cannot be withdrawn 
 I do not wish to submit my responses 
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 ارزیابی وضعیت تعادل و کمر درد در افراد دچار قطع اندام تحتانی
 
 مقدمه
 گرامی هموطن
د به این پرسشنامه که برای درک بهتر چگونگی وضعیت تعادل و کمر درد در افراد شومیبدین وسیله از شما دعوت 
 دچار قطع عضو اندام تحتانی طراحی شده است، پاسخ دهید.
  
ز مشکل نامه بدون نام افراد شرکت کننده منتشر خواهند شد. امیدواریم این نتایج در درک ما اشساز این پر نتایج حاصل
 .افراد دچار قطع عضو و تلاش برای بهبود مشکلات مرتبط با تعادل و کمردرد در آنها موثر باشد
 .ائیدهمگی پاسخ ها محرمانه خواهند بود و نیازی نیست نام و نشانی خود را درج فرم
درج شده در آینده خواهد خگویی تمایل دارید؛ این امر به منزله اجازه نامه شما برای استفاده از اطلاعات ه پاساگر ب
 .بود
لطفا به خاطر داشته باشید هیچ پاسخ درست و نادرستی وجود ندارد؛ فقط به نظر خود درباره هر پرسش فکر کنید 
 خاب کنید و بهترین گزینه موجود در پاسخها را انت
ی رود و اطلاعات شما داشته باشید همه سؤالات نیازمند پاسخ هستند؛ در غیر این صورت پرسشنامه به پیش نم جهتو 
 .ثبت نخواهد شد
  
 
 با سپاس
  
 پژوهشگر -تهمینه رضائیان 
  
 استاد راهنما -دکتر نیل مسنجر 
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 های عمومی پرسش 
 :تاریخ تولد
 
  دید؟ای آگاه شه چطور از وجود این پژوهش پرسشنام
 
  وضعیت شنوایی شما چطور است؟
 شنوایی ضعف جزئی                                 شنوایی نرمال
 ضعف متوسط شنوایی           متوسط شنوایی -ضعف جزئی
 ضعف شدید شنوایی               ضعف نسبتا شدید شنوایی 
 ناشنوا 
 
  وضعیت بینایی شما چطور است؟
 استفاده از عینک برای خواندن  -ئی جز ضعف                                                             نرمال
 فقدان جزئی بینایی   دور استفاده از عینک برای دیدن اجسام  -ضعف جزئی 
 فقدان شدید بینائی  
 
  آیا بر اساس تشخیص پزشک دچار حالت سرگیجه هستید؟
 خیر                بله
 
  خیص مربوط به زمان حال است؟ین تشآیا ا
 ر خی              بله
 
  آیا سیگاری هستید؟
 خیر            قبلا سیگار می کشیدم        بله
 
  های زیر هستید؟دچار یکی از بیماریآیا 
 پارکینسون            بیماری قلب و تنفسی
 ام اس                       سکته مغزی 
 آرتروز یا روماتیسم مفصلی                  محیطینوروپاتی 
 هیچ کدام 
 
  ید، درج فرمائیدکنمی ایی را که به شکل منظم مصرف م داروهلطفا نا
 
 .پرسشنامه درباره پروتز شماستاین بخش از 
ت درباره پای چپ تکرار اگر دچار قطع عضو دوطرفه هستید، لطفا ابتدا برای سمت راست آن را پر کنید و سپس در بخش بعدی سوالا 
 .خواهند شد
  
  اریخ تقریبی کافیست)؟ تاریخ قطع عضوتان کی بوده است (ت
 442
 
 
 علت قطع عضو 
 دیابت               بیماری عروق محیطی  
 عفونت شدید                                 سرطان 
 ا درد شدید محدودیت عملکرد در اثر بدشکلی ی          آسیب شدید در اثر ضربه 
 ) نموارد مرتبط با جنگ (در میدان جنگ یا انفجار می                   نقصهای مادرزادی 
 موارد دیگر  
  ا توضیح دهید.اگر موارد دیگر را انتخاب کرده اید؛ لطف
 
  سطح قطع عضو
 
  تاریخ استفاده از اولین پروتز
 
 تاریخ شروع استفاده از پروتز 
 
  سازنده آن را ذکر بفرمائید طعات پروتز و کمپانیدر صورت امکان نوع ق
 
  پروتز را از کجا تهیه کرده اید
   کلینیک خصوصی       هلال احمر         زانبنیاد جانبا 
 موارد دیگر            بهزیستی  
  اگر موارد دیگر را انتخاب کرده اید؛ لطفا توضیح دهید.
 
  ید؟کنمی چقدر از پروتز خود استفاده 
 هر روز چند ساعت            هر روز بیشتر ساعات یا کل روز  
 روز در هفته 4سه تا              روز در هفته 6چهار تا  
 کمتر از یکبار در هفته               هفتهروز در  2یک تا  
 موارد دیگر                   به ندرت 
  ضیح دهید.اگر موارد دیگر را انتخاب کرده اید؛ لطفا تو
 
  اگر به بیشتر روزها فکر کنید؛ وضعیت استمپ خود را چگونه توصیف خواهید کرد؟
 ) خیالی نیستدردناک (منظور درد               ل ون مشکخوب/بد
 دچار تاول           )ناراحت (احساسی به جز درد 
 ش دچار خار                  متورم 
 یگر موار د                  داغ
  اگر موارد دیگر را انتخاب کرده اید؛ لطفا توضیح دهید.
 
  آیا دچار درد خیالی هستید؟
  وتز میپوشید؟سمت پر در کدام
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 سمت سالم (بدون قطع عضو)
  ید؟کنمی آیا بعد از راه رفتن در سمت سالم خود درد احساس 
 خیر               بله 
  )ید بیش از یک مورد را انتخاب کنید نتوامی اگر درد دارید محل آن را مشخص کنید ( 
 مفصل مچ پا         مفصل زانو       ) فصل لگن (هیپ 
 موارد دیگر          ساق پا          پنجه پا  
 اگر موارد دیگر را انتخاب کرده اید؛ لطفا توضیح دهید. 
 
  )QEP(بخش ارزیابی پروتز
گذارد. برای هریک از سؤالات ره تان تأثیر می بدانیم پروتزتان چگونه بر زندگی روزمهای این قسمت برای این طراحی شده که پرسش
 .انتخاب کنید 01فر تا یک عدد را از ص
 لطفا به همه پرسشها پاسخ دهید. 
  هفته گذشته نمره دهید. 4لطفا به میزان رضایت خود از پروتز کنونیتان طی 
  01 9 8 7 6 5 4 3 2 1 0 
 به شدت ناراضی 
           
 بسیار راضی 
 
 هفته گذشته نمره دهید. 4به میزان فیت بودن پروتز طی 
  01 9 8 7 6 5 4 3 2 1 0 
 بسیار بد 
           
 عالی 
 
 هفته گذشته نمره دهید. 4به وزن پروتزتان طی 
  01 9 8 7 6 5 4 3 2 1 0 
 بسیار بد 
           
 عالی 
 
 هفته گذشته نمره دهید. 4میزان راحتی ایستادن با پروتز طی  ه ب
  01 9 8 7 6 5 4 3 2 1 0 
 بسیار بد 
           
 عالی 
 
 هفته گذشته نمره دهید. 4به میزان راحتی نشستن با پروتز طی 
  01 9 8 7 6 5 4 3 2 1 0 
 بسیار بد 
           
 عالی 
 
  چقدر در زمان استفاده از پروتز، تعادلتان را از دست دادید؟ته گذشهفته  4طی 
  01 9 8 7 6 5 4 3 2 1 0 
 ه هموار
           
 هرگز 
 
  هفته گذشته نمره دهید. 4به میزان انرژی مورد نیاز برای استفاده از پروتز طی 
  01 9 8 7 6 5 4 3 2 1 0 
کاملا خسته کننده و 
 انرژی بر 
           
 بسیار راحت 
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 د.هفته گذشته نمره دهی 4به میزان تولید صدا به وسیله پروتزتان طی 
  01 9 8 7 6 5 4 3 2 1 0 
 همواره 
           
 هرگز 
 
 هفته گذشته صدا داشته است، به میزان آزار دهنده بودن آن نمره دهید. 4اگر پروتزتان طی 
  01 9 8 7 6 5 4 3 2 1 0 
 به شدت آزاردهنده 
           
 بدون اهمیت 
 د کنمی هیچ صدایی ایجاد ن یا
 
 هفته گذشته وارد کرده است، نمره دهید. 4آسیبی که پروتزتان به پوشش خود یا لباستان طی یزان م به 
  01 9 8 7 6 5 4 3 2 1 0 
 به شدت آسیب رسان 
           
 بدون آسیب 
 
 هفته گذشته نمره دهید. 4به امکان استفاده از کفشهای مختلف با پروتز طی 
  01 9 8 7 6 5 4 3 2 1 0 
 غیرممکن 
           
 بدون دشواری 
 
 هفته گذشته که فیت پروتز را تغییر داده است، نمره دهید. 4به میزان تورم استمپ خود طی 
  01 9 8 7 6 5 4 3 2 1 0 
 ه هموار
           
 هرگز 
 
 هفته گذشته نمره دهید. 4به وجود حس خارش در استمپ طی 
  01 9 8 7 6 5 4 3 2 1 0 
 به شدت آزاردهنده 
           
 بدون اهمیت 
 
 هفته گذشته نمره دهید. 4به وجود تاول یا زخم در استمپ طی 
  01 9 8 7 6 5 4 3 2 1 0 
 نده به شدت آزارده
           
 بدون اهمیت 
 
 حسهای مربوط به بدن
 مکن است احساس کنید ت که مدیگریس این بخش درباره درد یا حسهای 
 هفته گذشته نمره دهید.  4های غیردردناک در اندام خیالی خود طی به میزان رخداد حس 
 5چهار تا         بار در هفته سهدو تا    فتهتقریبا یکبار در ه       فقط یکبار یا دوبار            هرگز 
 چندین بار هر روز        بار در هفته
 میشه تقریبا ه  
 اگر طی ماه گذشته حس غیردردناک در اندام خیالی خود داشته اید؛ به شدت آن نمره دهید. 
  01 9 8 7 6 5 4 3 2 1 0 
 شدید بسیار 
           
 بسیار خفیف 
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 امدردناک در اندام خیالی خود نداشته غیرحس  یا
 
  ت؟ار دهنده بوده اسخیالیتان چقدر آزطی ماه گذشته حس غیردردناک در اندام  
  01 9 8 7 6 5 4 3 2 1 0 
 همواره 
           
 هرگز 
 امداشته حس غیردردناک در اندام خیالی خود ن یا
 هفته گذشته نمره دهید.  4خیالی خود طی به میزان رخداد حسهای دردناک در اندام 
 بار دوفقط یکبار یا                 هرگز 
 دو تا سه بار در هفته             ار در هفتهتقریبا یکب 
 چندین بار هر روز            بار در هفته پنجچهار تا  
 تقریبا همیشه  
 
  معمولا درد خیالی چقدر طول میکشد؟
 چند ثانیه           مدرد خیالی ندار 
 چند دقیقه تا یک ساعت             چند دقیقه 
 روز 2یک تا             چند ساعت 
 بیش از دو روز 
 
 اگر طی ماه گذشته در اندام خیالی خود درد داشته اید؛ به شدت آن نمره دهید. 
  01 9 8 7 6 5 4 3 2 1 0 
 شدید بسیار 
           
 یف ر خفبسیا
 ام داشته حس دردناک در اندام خیالی خود ن  یا
 
  است؟ن چقدر آزار دهنده بوده دردناک در اندام خیالیتاطی ماه گذشته حس  
  01 9 8 7 6 5 4 3 2 1 0 
 همواره 
           
 هرگز 
 ام داشته حس دردناک در اندام خیالی خود ن  یا
 
 هفته گذشته نمره دهید.  4طی ر استمپ خود های دردناک د به میزان رخداد حس 
 بار فقط یکبار یا دو                 هرگز 
 بار در هفته  سهدو تا              ر هفتهیکبار دتقریبا  
 چندین بار هر روز             بار در هفته پنجچهار تا  
 تقریبا همیشه  
 
 ت آن نمره دهید. به شد اید؛ اگر طی ماه گذشته در استمپ خود درد داشته 
  01 9 8 7 6 5 4 3 2 1 0 
 شدید بسیار 
           
 بسیار خفیف 
 842
 
 ام داشته حس دردناک در استمپ خود ن یا
 
 اید؛ به میزان آزاردهندگی آن نمره دهید. اگر طی ماه گذشته در استمپ خود درد داشته 
  01 9 8 7 6 5 4 3 2 1 0 
 آزاردهنده بسیار 
           
 بسیار خفیف 
 ام داشته دردناک در استمپ خود نحس  یا
 
 نمره دهید.  هفته گذشته  4سالم خود طی  به میزان رخداد درد در پای
 بار  فقط یکبار یا دو                 هرگز 
 بار در هفته  سهدو تا             تقریبا یکبار در هفته 
 چندین بار هر روز            بار در هفته پنجچهار تا  
 تقریبا همیشه  
 
 آن نمره دهید.ه شدت اید؛ باگر طی ماه گذشته در پای سالم خود درد داشته 
  01 9 8 7 6 5 4 3 2 1 0 
 شدید بسیار 
           
 بسیار خفیف 
 ام داشته در پای دیگرم درد ن  یا
 
  آزاردهندگی آن نمره دهید.اید؛ به میزان ته اگر طی ماه گذشته در پای دیگر خود درد داش
  01 9 8 7 6 5 4 3 2 1 0 
 آزاردهنده بسیار 
           
 بسیار خفیف 
 ام داشته در پای دیگرم درد ن   یا
 
 های اجتماعی استفاده از پروتزنبهج
  دهید. هفته گذشته نمره 4به میزان رخداد حس ناامیدی یا خشم نسبت به پروتزتان طی 
  01 9 8 7 6 5 4 3 2 1 0 
 همواره 
           
 هرگز 
 
ن حالت آن فکر بدتری به  اید؛ بوده ناامید یا  خشمگین  پروتزتان به  نسبت ته گذش هفته  4 طی یدی یا اگربه میزان رخداد حس ناام
  کنید و نمره دهید.
  01 9 8 7 6 5 4 3 2 1 0 
 به شدت ناامید و خشمگین 
           
 هرگز 
 
  ره دهید.هفته گذشته نم 4به میزان احساس دست و پاگیر بودن پروتز در اجتماع طی 
  01 9 8 7 6 5 4 3 2 1 0 
 بسیار 
           
 نه اصلا 
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 انایی تحرک شما در محیط اطرافتو
  مره دهید.هفته گذشته ن  4به میزان توانایی خود در راه رفتن با پروتز طی 
  01 9 8 7 6 5 4 3 2 1 0 
 قادر نیستم 
           
 مشکلی ندارم 
 
  دهید. نمره گذشته  هفته  4 طی پروتز با بسته  محیط یک  خود در راه رفتن در  توانایی به میزان
  01 9 8 7 6 5 4 3 2 1 0 
 قادر نیستم 
           
 مشکلی ندارم 
 
  دهید. نمره  گذشته  هفته  4 طی پروتز با بالا رفتن از پله  ایی خود دربه میزان توان 
  01 9 8 7 6 5 4 3 2 1 0 
 در نیستم اق
           
 مشکلی ندارم 
 
  هفته گذشته نمره دهید. 4طی  پروتز با پائین آمدن از پله  به میزان توانایی خود در
  01 9 8 7 6 5 4 3 2 1 0 
 قادر نیستم 
           
 مشکلی ندارم 
 
  مره دهید.هفته گذشته ن 4با پروتز طی  بالا رفتن از شیب تپه  به میزان توانایی خود در
  01 9 8 7 6 5 4 3 2 1 0 
 قادر نیستم 
           
 مشکلی ندارم 
 
  نمره دهید.شته هفته گذ 4با پروتز طی  پائین آمدن از شیب تپه  به میزان توانایی خود در
  01 9 8 7 6 5 4 3 2 1 0 
 قادر نیستم 
           
 مشکلی ندارم 
 
  هفته گذشته نمره دهید. 4رو و خیابان با پروتز طی پیاده  ان توانایی خود در راه رفتن در میزبه 
  01 9 8 7 6 5 4 3 2 1 0 
 قادر نیستم 
           
 مشکلی ندارم 
 
یخ بسته) با پروتز طی سطح خیس کاشی یا خیابان خیس از باران یا مثل میزان توانایی خود در راه رفتن روی یک سطح لغزنده ( به 
  دهید.هفته گذشته نمره  4
  01 9 8 7 6 5 4 3 2 1 0 
 قادر نیستم 
           
 مشکلی ندارم 
 
  هفته گذشته نمره دهید. 4ده از پروتز، طی ا استفاخودرو ب به توانایی خود در سوار و پیاده شدن از 
  01 9 8 7 6 5 4 3 2 1 0 
 قادر نیستم 
           
 مشکلی ندارم 
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 4به توانایی خود در نشستن و برخاستن از یک صندلی با ارتفاع صندلی اداری؛ آشپزخانه یا نهارخوری با استفاده از پروتز، طی 
  د.گذشته نمره دهیهفته 
  01 9 8 7 6 5 4 3 2 1 0 
 قادر نیستم 
           
 مشکلی ندارم 
 
ستن از یک صندلی کوتاه یا نیمکت به عنوان مثال با ارتفاع کاناپه در هنگام استفاده از پروتز، در نشستن و برخابه توانایی خود 
  هفته گذشته نمره دهید. 4طی 
  01 9 8 7 6 5 4 3 2 1 0 
 یستم قادر ن
           
 مشکلی ندارم 
 
  نمره دهید.هفته گذشته  4ت فرنگی در هنگام استفاده از پروتز، طی به توانایی خود در نشستن و برخاستن از بخش نشیمن توال
  01 9 8 7 6 5 4 3 2 1 0 
 قادر نیستم 
           
 مشکلی ندارم 
 
  هفته گذشته نمره دهید. 4ه، طی یا حمام کردن با خیال آسودتوانایی خود در دوش گرفتن به 
  01 9 8 7 6 5 4 3 2 1 0 
 قادر نیستم 
           
 مشکلی ندارم 
 
 ضایت شما از پروتزتانر
  هفته گذشته نمره دهید. 4به میزان رضایت خود از پروتزتان، طی 
  01 9 8 7 6 5 4 3 2 1 0 
 به شدت ناراضی 
           
 بسیار راضی 
 
  هفته گذشته نمره دهید. 4به میزان رضایت خود از راه رفتنتان، طی 
  01 9 8 7 6 5 4 3 2 1 0 
 به شدت ناراضی 
           
 بسیار راضی 
 
  هفته گذشته نمره دهید. 4به میزان رضایت خود از زندگی، طی 
  01 9 8 7 6 5 4 3 2 1 0 
 حد ممکن ترین در بد
           
 در بهترین حد ممکن 
 
  ز قطع عضو دریافت کردید؛ راضی هستید؟راه رفتن و استفاده از پروتز که بعد ا به طور کلی چقدر ار تمرینات و آموزشهای
  01 9 8 7 6 5 4 3 2 1 0 
 به شدت ناراضی 
           
 بسیار راضی 
 و دریافت نکردم عد از قطع عض هیچ آموزشی ب  یا
 
 چیزهایی درمورد پروتز برایتان مهم هستند؟چه  
  هم است؟ظاهر پروتزتان چقدر م
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  01 9 8 7 6 5 4 3 2 1 0 
 بدون اهمیت 
           
 بسیار مهم 
 
  ارتفاع یا مدل گوناگون)؟های مختلف بپوشید (با چقدر مهم است که بتوانید کفش 
  01 9 8 7 6 5 4 3 2 1 0 
 بدون اهمیت 
           
 بسیار مهم 
 
  نده است؟چقدر ورم استمپ برایتان آزارده
  01 9 8 7 6 5 4 3 2 1 0 
 آزاردهنده بسیار 
           
 مشکلی نیست 
  بروید؟چقدر برایتان مهم است که از شیب تپه بالا 
  01 9 8 7 6 5 4 3 2 1 0 
 یت اهم بدون
           
 بسیار مهم 
 
  ی بدهید.ته گذشته اتفاق افتاده اند، مشخص کنید و توضیخ مختصرهف 4لطفا موارد زیر را بخوانید و به هر تعداد که طی 
 دردیک تغییر قابل توجه در        )یک مشکل پزشکی جدی (برای خودتان 
 یک مشکل جدی در خانواده        یک مشکل شخصی جدی برای خودتان 
 تغییرات بزرگ دیگری در زندگیتان اتفاق افتاده است 
 
  خاب کردید توضیح مختصری ارائه دهید.از مواردی که انتلطفا برای هر یک 
 
  اعلام فرمائیدید دانستنش برای ما مفید است، کنمی لطفا هر مورد دیگری که تصور 
 
 مینان به حفظ تعادلاط
 دکنمیهایی درباره اطمینان شما به حفظ تعادل مطرح این بخش پرسش
  ز نگرانی دارید؟آیا در مورد افتادن در زمان استفاده از پروت 
 خیر           بله
  ؛ به میزان نگرانی خود نمره دهید.استاگر پاسختان مثبت 
  01 9 8 7 6 5 4 3 2 1 0 
به شدت نگران که این نگرانی سبب ایجاد 
            عملکردم شده است  محدودیت در
اندکی نگران که 
فعالیتهایم را 
محدود نکرده 
 است
 
  اید؟افتاده پروتز از استفاده زمان در و ه گذشتهما 21 آیا طی
 خیر          بله
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  اید؟گذشته چند بار افتادهماه  21، طی استاگر پاسختان مثبت 
  7  1 
 8  2 
 9  3 
 01  4 
 بار دهبیش از   5 
  6 
 
  روید؟..) راه می استفاده از عصا یا کراچ و  آیا معمولا بدون وسایل کمکی (بدون 
 خیر          بله 
 :کنید  انتخاب را آن نام زیر لیست از رویدمی  راه کمکی وسایل اگر با
 عصای زیر بغل در یک طرف            عصای دستی در یک طرف 
 عصای زیر بغل در دو طرف           عصای دستی در دو طرف  
 کراچ با چرخ             کراچ بدون چرخ  
 موارد دیگر  
  اید، لطفا توضیح دهید.ر سایر موارد را انتخاب کرده گا
 (CBA )خاصهای اطمینان از حفظ تعادل در فعالیت 
 به  اعتماد میزان لطفا های مختلف است.ظ تعادل خود طی انجام فعالیتاین بخش از پرسشنامه درباره حس اطمینان شما درباره حف
 01مشخص کنید. صفر معادل بدون اعتماد به نفس و  01تا  0از  شماره با شده، ذکر هایفعالیت  از هریک برای را خود نفس
 .معادل اطمینان کامل است 
 لطفا به همه پرسشهای مطرح شده پاسخ دهید. 
 در اطمینان دارید که تعادل خود را از دست نخواهید داد؟ راه میروید، چق وقتی اطراف خانه  -1 
  01 9 8 7 6 5 4 3 2 1 0  
  هیچ
           
 کاملا مطمئن
 
 آئید، چقدر اطمینان دارید که تعادل خود را از دست نخواهید داد؟ وقتی از پله ها بالا میروید یا پائین می  -2
  01 9 8 7 6 5 4 3 2 1 0 
 هیچ
           
 کاملا مطمئن
 م کنمی من هیچ وقت این کار را نیا 
 
 ید تا چیزی را از روی زمین بردارید، چقدر اطمینان دارید که تعادل خود را از دست نخواهید داد؟ شومی م وقتی خ -3
  01 9 8 7 6 5 4 3 2 1 0 
 هیچ
           
 کاملا مطمئن
 م کنمی من هیچ وقت این کار را نیا 
 
 ت نخواهید داد؟ قدر اطمینان دارید که تعادل خود را از دسید شیئی در ارتفاع چشم خود را بردارید، چکنمی وقتی تلاش  -4
  01 9 8 7 6 5 4 3 2 1 0 
 هیچ
           
 کاملا مطمئن
 م کنمی من هیچ وقت این کار را نیا 
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 دست نخواهید داد؟  ید دستتان را به چیزی بالاتر از سرتان برسانید، چقدر اطمینان دارید که تعادل خود را ازکنمی سعی  تی وق -5
  01 9 8 7 6 5 4 3 2 1 0 
 هیچ
           
 کاملا مطمئن
 م کنمی من هیچ وقت این کار را نیا 
 
 خود را از دست نخواهید داد؟  چیزی برسد، چقدر اطمینان دارید که تعادلوقتی روی صندلی می ایستید تا دستتان به  -6
  01 9 8 7 6 5 4 3 2 1 0 
 چهی
           
 کاملا مطمئن
 م کنمی من هیچ وقت این کار را نیا 
 
 وقتی زمین را جارو میزنید، چقدر اطمینان دارید که تعادل خود را از دست نخواهید داد؟  -7
  01 9 8 7 6 5 4 3 2 1 0 
 هیچ
           
 کاملا مطمئن
  مکنمی من هیچ وقت این کار را نیا 
 
وقتی خارج از خانه به سمت یک خودروی پارک شده در خیابان راه میروید، چقدر اطمینان دارید که تعادل خود را از دست  -8
 نخواهید داد؟ 
  01 9 8 7 6 5 4 3 2 1 0 
 هیچ
           
 کاملا مطمئن
 م کنمی من هیچ وقت این کار را نیا 
 
 ید، چقدر اطمینان دارید که تعادل خود را از دست نخواهید داد؟ شومی پیاده  وقتی سوار خودرو یا از آن -9
  01 9 8 7 6 5 4 3 2 1 0 
 هیچ
           
 کاملا مطمئن
 م کنمی ا نمن هیچ وقت این کار ریا 
 
 ود را از دست نخواهید داد؟ روید، چقدر اطمینان دارید که تعادل خوقتی در یک پارکینگ به سمت یک فروشگاه راه می  -01
  01 9 8 7 6 5 4 3 2 1 0 
 هیچ
           
 کاملا مطمئن
 م کنمی من هیچ وقت این کار را نیا 
 
 نان دارید که تعادل خود را از دست نخواهید داد؟ د یا پائین می آئید، چقدر اطمیوقتی از یک سطح شیب بالا میروی -11
  01 9 8 7 6 5 4 3 2 1 0 
 هیچ
           
 کاملا مطمئن
 م کنمی من هیچ وقت این کار را نیا 
 
ادل خود را از دست نان دارید که تع روید، چقدر اطمیند راه می شومی وقتی در محیط شلوغ که مردم سریع از کنارتان رد  -21
 نخواهید داد؟ 
  01 9 8 7 6 5 4 3 2 1 0 
 هیچ
           
 کاملا مطمئن
 م کنمی من هیچ وقت این کار را نیا 
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هید ید، چقدر اطمینان دارید که تعادل خود را از دست نخوا کنمی وقتی هنگام راه رفتن در شهر یا خرید با کسی برخورد  -31
 داد؟ 
  01 9 8 7 6 5 4 3 2 1 0 
 هیچ
           
 کاملا مطمئن
 م کنمی ار را نمن هیچ وقت این کیا 
 
ید در حالی که دستگیره آنر ا نگاه میدارید، چقدر اطمینان دارید که تعادل شومی وقتی روی پله برقی میروید یا از آن خارح  -41
 خود را از دست نخواهید داد؟ 
  01 9 8 7 6 5 4 3 2 1 0 
 هیچ
           
 کاملا مطمئن
 م نکمی من هیچ وقت این کار را نیا 
 
ید دستگیره آن را نگاه دارید، توانمی ید در حالی که دستتان پر است و نشو می  جروی پله برقی میروید یا از آن خار وقتی  -51
 ست نخواهید داد؟ چقدر اطمینان دارید که تعادل خود را از د
  01 9 8 7 6 5 4 3 2 1 0 
 هیچ
           
 کاملا مطمئن
 م کنمی را ن ت این کارمن هیچ وقیا 
 
 روی یخ زده راه میروید، چقدر اطمینان دارید که تعادل خود را از دست نخواهید داد؟ وقتی روی پیاده  -61
  01 9 8 7 6 5 4 3 2 1 0 
 هیچ
           
 کاملا مطمئن
 م کنمی من هیچ وقت این کار را نیا 
 کمردرد 
است. اگر شما کمردرد ندارید و گزینه مربوط را انتخاب کنید به صورت خودکار به کمردرد  بخش بعدی این پرسشنامه درباره
 .بخش پایانی پرسشنامه دست پیدا خواهید کرد 
 
 آیا کمردرد دارید؟ 
 خیر             بله
 
  پرسشنامه ارزیابی ناتوانی ناشی از کمردرد اسوستری 
 )eriannoitseuQ ytilibasiD niaP kcaB woL yrtsewsO( 
این بخش از پرسشنامه برای این طراحی شده تا بدانیم کمردرد بر زندگی روزمره شما چه اثری دارد. لطفا برای هر سؤال گزینه 
د حتی اگر چند گزینه به نظرتان صحیح است فقط آن مورد را کنمی ورد شما صدق ای را انتخاب کنید که بیش از بقیه در م
 د کنمی ن مشکل شما را توصیف سایری ر از انتخاب کنید که بیشت
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 شدت درد 
 در حال حاضر درد بسیار ملایم است 
 در حال حاضر درد ملایم است 
 در حال حاضر درد شدید است 
 است در حال حاضر درد بسیار شدید 
 در حال حاضر درد در شدیدترین حالت قابل تصور است 
 
  )پوشیدنبهداشت و مراقبتهای شخصی (نظیر شستشو، لباس 
 م بدون افزایش کمردرد به کارهای شخصی خود برسم توانمی 
 م به کارهای شخصی خود برسم اما با کمی درد در کمر همراه است توانمی 
 سته آنها را انجام دهم مردرد است و باید با دقت و آه انجام کارهای شخصی همراه با ک 
 اما به کمک نیاز دارم  م از عهده بیشتر کارهای شخصی خودم برآیمتوانمی 
 یاز دارم در بیشتر کارهای شخصی ام به دلیل کمردرد به کمک ن 
 م لباسم را بپوشم، به سختی شستشو را انجام می دهم و باید در بستر باشم توانمی ن
 
 کردن اجسام  بلند
 م اجسام سنگین را بدون افزایش کمردرد بلند کنم توانمی 
 ه با افزایش درد کمر خواهد بود بلند کنم اما همرام اجسام سنگین را توانمی 
  م آن را مدیریت کنمتوانمیاجسام سنگین از روی زمین است اما اگر بار روی سطحی مثل میز باشد، درد مانع از بلند کردن 
م آن را توانمی شد، درد مانع از بلند کردن اجسام سنگین از روی زمین است اما اگر بار سبک یا متوسط روی سطحی مثل میز با
 مدیریت کنم 
 م بارهای سبک را بلند کنم توانمی فقط 
 م بلند یا حمل کنم توانمی هیچ باری را ن
 راه رفتن 
 د شوی مدرد مانع از راه رفتن در هیچ فاصله ای ن
 د شومی کیلومتر  2درد مانع از راه رفتن بیش از 
 د وشمی کیلومتر  1درد مانع از راه رفتن بیش از 
 د شومی متر  005درد مانع از راه رفتن بیش از 
 م راه بروم توانمی فقط با استفاده از عصا یا کراچ 
 بیشتر اوقات در بستر هستم 
 
 نشستن 
 شینم ی به هر اندازه بنم روی هر نوع صندل توانمی 
 م روی صندلی مورد علاقه خودم به هر اندازه بنشینم توانمی 
 ساعت بنشینم  1د که بیش از شومی ن کمردرد مانع از آ
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 دقیقه بنشینم  03د که بیش از شومی کمردرد مانع از آن 
 دقیقه بنشینم  01د که بیش از شومی کمردرد مانع از آن 
 د که بنشینم شومی آن  مردرد کلا مانع از ک 
 
  ایستادن
 م هرقدر بخواهم بایستم توانمی 
 د شومی  این امر سبب افزایش کمردردمم هرقدر بخواهم بایستم اما توانمی 
 ساعت بایستم  1د که بیش از شومی کمر درد مانع از آن 
 دقیقه بایستم  03د که بیش از شومی کمر درد مانع از آن 
 دقیقه بایستم  01د که بیش از شومی ن کمر درد مانع از آ
 د که بایستم شومی کمر درد کلا مانع از آن 
 
  خوابیدن
 د کنمی خوابیدنم اختلال ایجاد ن یچوقت در کمردرد ه
 د شومی خوابیدنم گاهی اوقات به دلیل کمردرد مختل 
 م خوابمی ساعت  6به دلیل کمردردم کمتر از 
 م خوابمی اعت س 4به دلیل کمردردم کمتر از 
 م خوابمی ساعت  2به دلیل کمردردم کمتر از 
 د شومی کمردرد کلا مانع از خوابیدنم 
 
  های بخش بعد برویدید این بخش را بدون پاسخ بگذارید و به پرسشتوانمی ندارید،  اگر به پاسخگویی در این باره تمایل جنسی طه راب
 د شومیرد نرابطه جنسی عادی دارم و انجام آن سبب کمرد
 د شومیرابطه جنسی عادی دارم ولی انجام آن سبب افزایش کمردرد 
 د کنمیمردرد را شدید دارم ولی انجام آن سبب کرابطه جنسی تقریبا عادی 
 رابطه جنسی ام به دلیل کمردرد، به شدت محدود شده است 
 رابطه جنسی به دلیل کمردرد، تقریبا در زندگی ام حذف شده است 
 د شومیکمردردم کلا مانع از رابطه جنسی 
  زندگی اجتماعی 
 د شومیردم نادیست و سبب افزایش کمردام عفعالیت اجتماعی
 د شومیام عادیست ولی سبب افزایش کمردردم زندگی اجتماعی
 محدود کرده است  ام ندارد، هرچند علائق پر جنب و جوشی نظیر ورزش کردن رایهای اجتماعدرد اثر شدیدی بر فعالیت
 روم ق بیرون نمیام را محدود کرده است و مثل سابهای اجتماعیکمردرد فعالیت
 ام را به خانه محدود کرده است لیتهای اجتماعید فعاکمردر
 به دلیل کمردرد فعالیت اجتماعی ندارم 
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  مسافرت
 م بدون درد سفر کنم توانمیبه هرجایی 
 د شومیا این امر سبب افزایش کمردردم کنم امم سفر توانمیبه هرجایی 
 م کنمی ساعت را مدیریت 2کمردردم آزاردهنده است اما سفر تا 
 د شومیکمردرد سبب محدود شدن سفرم به یک ساعت 
 د شومیکمردرد سبب محدود شدن سفرم به کمتر از نیم ساعت 
  درمان باشدبرای دریافت د مگر اینکه شومیکمردرد مانع از مسافرتم 
 
 سپاسگزاری 
 
 پاسخگوی گرامی 
 سپاسگزاریم  از اینکه به سؤالات این پرسشنامه پاسخ دادید از شما بسیار
های این پرسشنامه نیازمند زمان است اما امیدوارم نتایج حاصل برای افزایش کیفیت زندگی افراد دچار قطع عضو کمک تحلیل داده 
توانید اند اما اگر تمایل دارید در مطالعات آینده شرکت کنید، می  ناشناس ثبت شده ا کاملا های شمپاسخ  تا این لحظه .کننده باشد
 . کس قرار نخواهد گرفت تان، در اختیار هیچمیل شما بدون اجازه ثبت کنید. ای  ود رامیل خای
 
 تمایل دارم ای میل خود را ثبت کنم و اطلاعات بعدی را دریافت کنم 
 نم شتر از شما دریافت کنمیخواهم اطلاعات بی
 
 (نشانی پست الکترونیکی (ای میل
 
 لطفا انتخاب کنید 
 این پژوهش دریافت کنم  درباره نتایج مندم اطلاعاتیعلاقه
 نده که ممکن است بتوانم در آنها مشارکت کنم؛ دریافت نمایم هایی در آی مندم اطلاعاتی درباره پژوهش علاقه
 
 لطفا انتخاب کنید 
نه قادر به تغییر دانم بعد از انتخاب این گزی های خود را در اختیار اجرا کنندگان این پژوهش بگذارم و می ام تا پاسخ آماده
 خواهم بود نظر خود ن
   هایم در اختیار اجرا کنندگان این پژوهش قرار گیردتمایل ندارم پاسخ 
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Ethics approval 
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Appendix C 
The email text 
 
To Whom It May Concern 
 
We recently (end of November 2015) sent you the following request . We know you would be 
busy but we think this is an important research project that would be of interest to your 
members. We appreciate your cooperation in advance. 
 
The University of Leeds is carrying out a number of research projects aimed at improving the 
design and function of prosthetic legs. Part of this work is about improving balance confidence 
and reducing lower back pain. So that we can get a better understanding of the effect these 
have on the everyday lives of prosthetic leg users. We have designed an online questionnaire 
and we are contacting you to ask if we may publicise it on your webpage/group 
page/newsletter. 
The online questionnaire "Balance and lower back pain in lower limb amputees" is available 
on: https://leeds.onlinesurveys.ac.uk/amputee_questionnaire 
 
Any question about this, please get back to me and I would be happy to help. 
 
Thank you  
 
Tahmineh Rezaeian 
PhD Student 
Biomedical Sciences 
University of Leeds 
bstr@leeds.ac.uk  
 
 
Dr Neil Messenger 
Biomedical Sciences 
University of Leeds 
n.messenger@leeds.ac.uk 
0113 3435084 
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Appendix D 
Results of the ODI questionnaire and PEQ parts 
(Except mobility part) of the Survey (Chapter 3) 
Relations between general characteristics 
There was no significant difference in age between genders (p=0.379) (Males 
M±SD=55.33±13.02, Females M±SD=53.56±10.56).  
There was a moderate difference in age between countries (F(4, 150)= 5.936, p<0.001, 
η2=0.137). The mean age (±SD) for British (59.02±10.51 years) and Iranian (47.43±12.31 
years) were significantly different (as were Australians (56.57±12.53 years) and 
Iranians). The age of participants from USA (52.85±9.72 years) and Other Countries 
(56.13±11.67 years) did not differ significantly from other groups.  
There were no significant differences in age between amputation cause groups 
(p=0.823) but there was a moderate difference in age between time since amputation 
groups (F(3, 151)= 3.032, p=0.031, η2=0.06). The mean age (±SD) was significantly 
different only between the group with amputation for 11-20 years (46.69±15.36 years) 
and the group with amputation for more than 20 years (56.92±10.49 years). The age of 
participants with amputation less than 5 years (54.61±11.45 years) and 6-10 years 
(55.16±13.32 years) did not differ significantly from other groups. There was no relation 
between age and time since amputation (p=0.591). 
A medium association was observed between participants’ gender and their country 
( 𝜒2[𝑝𝑒𝑎𝑟𝑠𝑜𝑛](4, 𝑛 = 155) = 29.072,  p<0.001, 𝑑𝑓∗ = 1,  Cramer's V=0.433). Only 1 
female from Iran participated in the survey. Sixty percent of participants from USA were 
female while the rate was 40% for british respondents. 
No association was seen between gender and cause of amputation (p=0.151), in addition 
to gender and groups of time since amputation (p=0.064). Male participants had longer 
time since amputation than females (respectively mean rank=87.76, MED1=11, n=96 vs 
mean rank=62.12, MED=5, n=59, 𝜒2(1)= 11.97, n=155, MED=8, p=0.001). It is seen that 
most of female participants had experienced amputation in their 40-59 years age (50.8% 
of participants in the age group) while larger percentage of other age groups was related 
to male participants (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](3, 𝑛 = 155) = 7.67, p=0.053, 𝑑𝑓∗ = 1, Cramer's V = 
0.22). 
The difference of Age-at-amputation between male (MED= 20.325) and female 
(MED=17.72) participants was non-significant (p=0.235). 
A strong association between countries of participants and cause of their amputation 
was seen ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](28, 𝑛 = 155) = 42.846,  p=0.034, 𝑑𝑓∗ = 4, Cramer's 
V=0.253). The highest rate of trauma/sever injuries including war-related causes was for 
Iranian participants (75.7% of them including 35% with war-related amputation). It was 
the cause of amputation for 44.0%, 33.3%, 20.0% and 53.3% of participants in turn from 
UK, Australia, USA and Other Countries. In UK, 14% and 12% of participants recorded 
severe infection and peripheral arterial diseases as their cause of amputation. Fifty 
percent and 40% of amputations due to peripheral arterial disease and cancer were 
recorded from UK. While none of the Iranians recorded peripheral arterial disease as 
cause of their amputation. Amputation secondary to diabetes, sever infection and 
 
1 MED stands for Median 
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peripheral arterial disease were causes of amputation in 20%, 20% and 15% of American 
participants. American participants recorded 40% of amputations secondary to diabetes. 
Mean rank and median of age-at-amputation were highest for participants from Australia 
(in turn 94.38 and 51) and lowest for participants from Iran (in turn 39.85 and 20). The 
difference between age-at-amputation of Iranians and participants from all other 
countries was significant: Iranians and Australians (p<0.001), Iranians and Americans 
(MED=46, p<0.001), Iranians and British participants (MED=47, p<0.001), Iranians and 
participants from Other Countries (MED=47, p=0.012). 
More than 90% of Iranians had amputation before being 39 years. While more than 75%, 
66% and 60% of participants from Australia, UK and USA/Other Countries experienced 
amputation after their 40 years age.  
A strong association was observed between age-at-amputation groups and cause of 
amputation (𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](21, 𝑛 = 155) = 47.45,  o p=0.001, 𝑑𝑓∗ = 3, Cramer's 
V=0.327). The rate of amputation due to trauma/serious injuries was higher in young-
age. In turn, 58.8% of participants younger than 20 years, 64.1% of participants at age 
of 20-39, 34.4% of participants at age of 40-59 and 33.3% of participants older than 60 
years experienced amputation due to trauma/serious injuries. Around 58% and 25% of 
amputations due to peripheral arterial disease happened in 40-59 and elder than 60 
years age. Similarly, amputations secondary to diabetes happened in 40-59 and more 
than 60 years age (in turn 70% and 20% of participants within the amputation cause 
category). 
 
Age-groups 
There was no significant association between age- groups, and gender of participants 
(p=0.32).  
A relatively strong association between age-groups and participants countries was found 
(𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](16, 𝑛 = 155) = 37.89,  p=0.002, 𝑑𝑓∗ = 4, Cramer's V=0.248). 
Younger respondents tending to be Iranian and older respondents tending to be from the 
UK. 
There was no significant association between participants’ age-group and cause of 
amputation (p=0.262). 
 
Amputation location 
No differences were seen between amputation location groups in terms of their age 
(p=0.714). There was no association between the age-groups and amputation location 
(p=0.073).A medium association between gender of participants and their amputation 
location was observed ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](5, 𝑛 = 155) = 20.285,  p=0.001, 𝑑𝑓∗ = 1, 
Cramer's V=0.346).  
There was a medium association between participants’ country and location of 
amputation ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](20, 𝑛 = 155) = 35.89,  p=0.016, 𝑑𝑓∗ = 3,  Cramer's 
V=0.235). Majority of bilateral amputees were British (55%) and 40% of above-knee 
amputees were from Iran. Seventy-five percent of Americans were below-knee amputee.  
A medium association was observed between age-at-amputation groups and location of 
amputation ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](15, 𝑛 = 155) = 26.02,  p=0.037, 𝑑𝑓∗ = 3,  Cramer's 
V=0.227). The age-at-amputation of around 58% of below-knee amputees was 40-59 
years and 31.6% of above-knee amputees experienced the amputation at their age of 
younger than 20 and 20-39 years. 
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Results related to bodily sensation 
Thirteen questions of the PEQ questionnaire were used to assess bodily sensation of 
amputee participants (questions number 48-60). Questions number 49-57 and 59-60 
includes assessment of bodily sensation of in turn amputated and non-amputated side. 
Each question could be scored 0-10, while 0 was for worst sensation, 5 for neutral 
opinion and 10 was for the mildest condition. There was an option to choose when the 
sensation did not exist. The total score of each participant was calculated by summing 
score of the questions and then calculating the average score for each person 
(M±SD=5.06 ±2.39, N=146). Thus 3 “Bodily sensation scores” were produced: 1- for both 
sides, 2- for the amputated-side, 3- for intact-side. Total bodily sensation score for the 8 
questions gained by averaging scores of the questions. There was no significant 
difference (p=0.07) in scores for males (M±SD=5.355±2.33) and females (M±SD= 
4.63±2.42).  
No difference was found between mean of the total bodily sensation score in groups of: 
1- participants’ age-groups (p=0.68), 2- time since amputation groups (p=0.22), 3- 
participants’ age-at-amputation-groups (p=0.08), 4- cause of amputation (p=0.37), 5- 
amputation location (p=0.86).  
A moderate difference in the total bodily score of participants from various countries was 
seen (F(4, 141)= 4.99, p=0.001 η2 (0.124)). The mean score (±SD) for these pairs of 
countries was significantly different: British participants (4.1±1.96) and Iranians 
(6.2±2.34); British participants and Australians (5.63±2.67). The score of participants 
from USA (4.52±2.06) and Other Countries (5.25±2.34) did not differ significantly from 
other groups. 
No relation between the total bodily score- time since amputation (p=0.778) and age-at-
amputation (p=0.532) was found. 
 
• Frequency of bodily sensations in amputated limb  
• Non-painful phantom limb 
There was no significant difference between the age of participants in the frequency 
categories of non-painful phantom limb (p=0.56) and there were no significant 
association between frequency of non-painful phantom limb and: 1- gender (p=0.156), 
2- age of participants (p=0.403) or 3- amputation location (p =0.302). 
The cause of amputation had a strong association with frequency of feeling non-painful 
phantom limb ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](42, 𝑛 = 155) = 66.27,  p=0.01,  𝑑𝑓∗ = 6,  Cramer’s 
V=0.256). The rate of all categories of non-painful phantom limb feeling frequency was 
higher for serious trauma/injury cause. No participants with amputation due to peripheral 
arterial disease or diabetes chose the “never” frequency. Sixty percent of those with 
cancer as cause of amputation selected “only once or twice” as frequency of feeling 
phantom limb. Fifty percent, 36.4%, 22.2%, 21.9%, 12.5%, 10% and 4.5% of participants 
with, in turn, peripheral arterial disease, limited function, other causes, trauma/ injuries, 
congenital conditions, cancer and sever infection as cause of amputation, chose “all the 
time” had the feeling.  
A medium association between time since amputation categories and frequency of 
feeling non-painful phantom limb ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](18, 𝑛 = 155) = 35.52, 
p=0.008, 𝑑𝑓∗ = 3, Cramer’s V=0.268). 
There were differences between time since amputation across the non-painful phantom 
limb frequency categories (𝜒2(6)= 29.204, n=155, MED=8, p<0.001). Mean rank and 
median were highest for “never” feeling of the sensation during last 4 weeks (110.75, 
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MED=23.5, n=32). Lowest mean rank and median were for “very often-4 to 6 times per 
week” (55.26, MED=4, n=17) and “fairly often-2 to 3 times per week” (60.62, MED=3.5, 
n=20). The difference between time since amputation of these pairs of non-painful 
phantom limb frequency categories was statistically significant: “very often” and “never” 
(p=001), “all the time” (mean rank= 66.47, n=33, MED=4) and “never” (p=0.001), “fairly 
often” and “never” (p=0.002), “several time every day” (mean rank= 62.38, n= 13, 
MED=5) and “never” (p=0.022). 
There were no differences between two other frequency categories nor with the above 
categories: “only once or twice” (mean rank= 85.89, n=27, MED=12), “a few times (1-2 
times per week)” (mean rank= 82.35, n=13, MED=8). 
There was a medium association between age-at-amputation and frequency of non-
painful phantom limb ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](24, 𝑛 = 155) = 37.9,  p=0.004, 𝑑𝑓∗ = 3, 
Cramer’s V=0.267). Younger participants tended to experience a lower incidence of the 
sensation whilst the older participants were more likely to experience the sensation most 
frequently. 
The age-at-amputation was difference across the non-painful phantom limb frequencies 
(𝜒2 (6)=17.97, n=155, MED=41, p=0.006). Mean rank and median were highest for 
“several times every day” feeling of the sensation during last 4 weeks (99.92, MED=46, 
n=13) and “all the time” (92.38, MED=47, n=33). Lowest mean rank and median were for 
“never” (56.45 and MED=25.5, n=32) and “only once or twice” (63.13, MED=23, n=27). 
The difference between age-at-amputation of “never” and “all the time” categories was 
statistically significant (p=0.026).  
There were no differences between three other frequency categories nor with the above 
categories: “a few times- about once per week” (n=13, MED=49), “fairly often-2 to 3 times 
per week” (n=20, MED=48), “very often- 4 to 6 times per week” (n=17, MED=44). 
 
• Phantom pain 
No significant difference between the age of participants in the frequency categories of 
phantom pain was observed (p=0.47). No association between frequency of phantom 
pain and: 1- gender (p=0.39), 2- age-groups and phantom pain (p=0.6), 3- cause of 
amputation (p=0.31), 4- location of amputation (p=0.17), 5- countries (p=0.11,).  
The association between time since amputation categories and frequency of phantom 
pain was significant ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](18, 𝑛 = 155) = 29.83  p=0.04, 𝑑𝑓∗ = 3, 
Cramer’s V=0.241). More than half of participants who stated never to have the feeling 
had their amputation for more than 20 years. While more than half of those who 
expressed “all the time” and “several times every day” have the feeling lived ≤5 years 
with amputation.  
A significant difference was seen between the time since amputation across the phantom 
pain frequency categories (𝜒2(6)= 19.16, n=155, MED=8, p=0.004). Mean rank and 
median were highest or “never” feeling of the sensation during last 4 weeks (95, 
MED=16.74, n=49). Lowest mean rank and median were for “all the time” (59.33 and 
MED=4, n=12) and “fairly often -2 to 3 times per week” (56.28, MED=5, n=23). The 
difference between time since amputation of “fairly often -2 to 3 times per week” and 
“never” was statistically significant (p=0.013). There were no differences between time 
since amputation of other frequency categories nor with the above categories: “a few 
times- about once per week” (n=16, MED=9.5), “very often-4 to 6 times per week” (n=13, 
MED=18), “several times every day” (n=14, MED=4.5). 
There was a medium association between phantom pain frequency and age-at-
amputation groups ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](18, 𝑛 = 155) = 37.86,  p=0.004, 𝑑𝑓∗ = 4, 
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Cramer’s V=0.246). Forty-seven percent and 38.5% of participants in age-at-amputation 
groups of earlier than 20 and at 20-39 years chose “never” having phantom pain during 
last 4 weeks. While the rate for same frequency was only 19.7% and 28.6% of 
participants with amputation at 40-59 and over 59 years age-groups. The percentage of 
participants with amputation before their 20 years age, decreased with increase of 
phantom pain frequency.  
No significant differences were observed between the age-at-amputation across the 
phantom pain frequency categories (p=0.313).  
There was no significant difference between the age of participants in the frequency 
categories of stump pain (p=0.69).  
No association was found between frequency of stump pain and: 1- gender (p=0.13), 2- 
participants’ age-groups of (p=0.73), 3- age-at-amputation groups (p=0.15), 4- 
participants’ living countries (p=0.17), 5- location of amputation (p=0.14), 6- time since 
amputation categories (p=0.466).  
A strong association was observed between frequency of stump pain and cause of 
amputation ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](42, 𝑛 = 153) = 61.595,  p=0.026, 𝑑𝑓∗ = 6,  Cramer’s 
V=0.260). Cause-of-amputation for 61.1% of participants without stump pain during last 
month was serious trauma/injuries. No participant with peripheral arterial disease as 
cause of amputation chose “never” frequency. Each frequency of “never” and “only once 
or twice” were chosen by 30% of participant with amputation due to diabetes. Rate of all 
categories of stump pain frequency was higher than other causes for serious 
trauma/injury cause. Around 42% of participants with peripheral arterial disease chose 
“all the time” had the sensation. Around 36% of amputees with limited function/pain as 
cause of amputation had the pain “several times every day”. While this rate was 0% for 
congenital amputees and 7% for participants with serious trauma/injuries as cause of 
amputation for same frequency. Forty percent of amputees due to cancer chose “very 
often- 4 to 6 times per week” experience of stump pain. 
No significant differences were found between the time since amputation as well as age-
at-amputation across the stump pain frequency categories (in turn p=0.713 and p=0.69). 
• Presence of bodily sensations in amputated limb 
• Non-painful phantom limb 
No significant difference between the age of participants with (M±SD= 54.43±12.29 
years) and without (M±SD= 55.55±11.69 years) non-painful phantom limb was observed 
(p=0.65).  
A small association between feeling a non-painful sensation in phantom limb and gender 
was seen (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 = 155) = 7.91, p=0.005, 𝑑𝑓∗ = 1, Phi=-0.226). Around 73% 
of male participants had the sensation while the rate was 91.5% for female respondents.  
A medium association between non-painful phantom limb and time since amputation was 
found ( 𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](3, 𝑛 = 155) = 19.44 , p<0.001, 𝑑𝑓∗ = 1,  Cramer’s V=0.354). 
However, the rate of sensation was high in all the time categories, but it decreased from 
93.5% among participants with less than 6 years of amputation to 61.5% of those with 
more than 20 years amputation. 
No association was observed between the feeling of non-painful phantom limb and: 1- 
participants’ age-groups (p=0.703), 2- cause of amputation (p=0.06), or 3- amputation 
location (p=0.1). 
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A medium association between the sensation and participants original countries was 
found (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](4, 𝑛 = 155) = 19.103, p=0.001, 𝑑𝑓∗ = 1, Cramer’s V=0.35). More 
than 81% (for Australians and 100% for American) of participants except Iranians 
(56.8%) had the feeling of non-painful phantom limb.  
A small association was observed between age-at-amputation and feeling a non-painful 
phantom limb (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](3, 𝑛 = 155) = 9.564, p=0.02, 𝑑𝑓∗ = 1, Cramer’s V=0.248). 
Around 70% of participants under 40 years had the feeling while the rate increased to 
87% and 95.2% for participants in 40-59 years and over 59 years age-at-amputation 
groups. 
A significant difference was found between time since amputation for participants with 
non-painful phantom limb and without it (𝜒2(1, 𝑛 = 155) = 21.724, p<0.001). Mean rank 
and median of time since amputation were higher for participants without the sensation 
(111.55, MED=24, n=31) in comparison with the time since amputation of participant with 
the non-painful phantom limb (69.61, MED=7, n=124). 
Age-at-amputation of participants with and without the non-painful phantom limb was 
different (𝜒2(1)= 8.88, n=155, p=0.003). Mean rank and median of age-at-amputation 
were lower for participants without the sensation (56.52, MED=25, n=31) in comparison 
with the amputation age of participant with the non-painful phantom limb (83.37, 
MED=44, n=124). 
 
• Phantom pain 
No difference was found between the mean age of participants with (54.41±12.24 years) 
and without (55.18±12.02 years) phantom pain was observed (p=0.715) .But there was 
a small association between the presence of phantom pain and gender 
(𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 = 155) = 4.04, p=0.04, 𝑑𝑓∗ = 1, Phi = 0.162). Seventy-eight percent 
of females suffered from phantom pain while the rate was 62.5% for males. In spite of 
the smaller proportion of female participants, 43.4% of respondents with phantom pain 
were female.  
No significant differences were observed between phantom pain and: 1- participates’ 
age-groups (p=0.33), 2- cause of amputation (p=0.76), or 3- location of amputation 
(p=0.18).But there was an association between the presence of phantom pain and the 
participants’ country (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](4, 𝑛 = 155) = 18.18, p=0.001, 𝑑𝑓∗ = 1, Cramer's V = 
0.343). The rate was lowest among Iranians and highest for British participants. Only 
48.6% of Iranian participants reported phantom pain while this rate was 86%, 80%, 73% 
and 54.5% in turn for participants from the UK, the USA, Other Countries and Australia.  
A medium association was found between the presence of phantom pain and the time 
since amputation (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](3, 𝑛 = 155) = 14.16,  p=0.003, 𝑑𝑓∗ = 1,  Cramer's V = 
0.302). Half of participants with more than 20 years of amputation were without phantom 
pain. This rate was 12% for 6-10 years, 24% for less than 6 years, and 31% for 11-20 
years of amputation. 
A small association was observed between age-at-amputation groups and phantom pain 
(𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](3, 𝑛 = 155) = 8.71, p=0.033, 𝑑𝑓∗ = 1, Cramer’s V=0.237). Amputation at 
a younger age was associated with lower rate of phantom pain. Fifty-three percent of 
participants with amputation in before 20 years age had phantom pain but the rate 
increased to 61.5% at 20-39 years age, 80.3% at 40-59 years age and 71.4% at older 
than 60 years age. Participants with amputation in their age of 40-59 years had lowest 
percentage of phantom pain absence. 
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A significant difference was found between time since amputation for participants with 
pain (mean rank=70.14, n=106, MED=7) and without (mean rank=95, n=49, 
MED=16.74) it (𝜒2(1, 𝑛 = 155) = 10.31, p=0.001). There was also a significant difference 
between age-at-amputation of participants with (mean rank=83.26, n=106, MED=44.5) 
phantom pain and without (mean rank=66.62, n=49, MED=29) it (𝜒2(1)= 4.61, n=155, 
p=0.03). 
 
• Stump pain 
No significant difference (p=0.71) was seen between the age of participants with (M±SD= 
55.08±12.33 years) and without (M±SD= 54.22±11.31 years) stump pain (mean 
difference=-0.85, 95% CI: -5.41-3.7). 
A small association was found between the presence of stump pain and gender 
( 𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 = 153) = 6.82 , p=0.009, 𝑑𝑓∗ = 1,  Phi=-0.21). Around 80% of 
participants without stump pain (n=29), and 56.4% of those with stump pain (n=66) were 
males. The rate of stump pain was 87.9% of females and 69.5% of males.  
There was no significant relation between presence of stump pain and: 1- age-groups 
(p=0.381), 2- time since amputation categories (p=0.334), 3- amputation location 
(p=0.243), 4- age-at-amputation groups (p=0.131), 5- amputation cause (p=0.091).  
A medium association was observed between the presence of stump pain and country 
of participants (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](4, 𝑛 = 153) = 19.03, p=0.001, 𝑑𝑓∗ = 1, Cramer’s V=0.353). 
()The highest rate of stump pain presence was observed among British and American 
participants (92% and 85% respectively) and the lowest rate was related to Iranians 
(52.8%). 
No significant differences (p=0.439) were found between age-at-amputation of 
participants with (mean rank=78.54, n=117) and without (mean rank=72, n=36) stump 
pain and no significant difference (p=0.315) existed between time since amputation for 
participants with stump pain (mean rank=75.01, n=117) and without (mean rank=83.47, 
n=36) it. 
 
• Intensity and bothersomeness of the sensations in amputated-side 
Figure 1 shows responses to questions about the bodily sensations of the amputated 
limb (questions number 49, 50, 53, 54, 56, 57). Respondents scored 0-10 in reply to 
each question where score 0 stood for “Extremely Intense or bothersome” and 10 
showed “Extremely Mild”. In this chart, the most left (darkest colour) shows frequency of 
scores from 0-4 (worse scores), neutral score (5) and scores 6-10 (mild scores). Twenty-
two to 30% of the participants did not have categorized sensations, 38.1%, 40.6% and 
41.4% of participants have chosen worse scores for in turn intensity of phantom pain, 
level of being bothersome for phantom pain and level of being bothersome for stump 
pain (comparable with 23.2% and 23.8% of giving better scores to same sensation 
questions). 
 
• Non-painful phantom limb  
Among the participants with non-painful phantom limb; 44.8%,9.5%, and 45.7% chose 
in turn worst scores (1-4), neutral score (5) and mild scores (6-10). No significant 
difference was found between the age of 3 categories of non-painful phantom limb 
intensity (p=0.094). Similarly there was no association between intensity sensation of 
non-painful phantom limb and gender (p=0.31, for 11 intense scores and p=0.68for 3 
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categories of the intense) or with participants age-group (p=0.09 for 11 intense scores 
and p=0.213 for 3 categories of the intense).  
 
Figure 1 Bodily sensations of amputated limb, darkest colour represents worst 
scores (1-4) and lightest colour is for mild scores (6-10). The dashed pattern 
shows the absence of a response. 
 
Country had a significant association with the intense of the non-painful phantom limb in 
terms of 11 points scoring (𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](40, 𝑛 = 116) = 55.23, p=0.055, 𝑑𝑓∗ =
4, Cramer’s V=0.33) but the association was no significant in terms of 3 categories of the 
intensity ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](8, 𝑛 = 116) = 12.07,  p=0.148, 𝑑𝑓∗ = 2,  Cramer’s 
V=0.226). The worst scores was related to American and lowest for Iranian participants 
(60% versus 21.1%). The rate of worst scores for other countries was 52.6% for British 
participants, 46.2% for participants from Other Countries and 38.5% for Australians.  
No association was seen between intensity of non-painful phantom limb and age-at-
amputation in terms of 11 points scoring (p=0.068) but a medium association was 
observed in terms of 3 categories of the intensity (𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](6, 𝑛 = 116) =
20.998,  p=0.002, 𝑑𝑓∗ = 2,  Cramer’s V=0.279). Sixty-four percent of participants with 
amputation in their 20-39th years chose worst scores while the rate was 11.1% for those 
with amputation over their 60th birthday. The rate was 51% for 40-59 years and 36.4% 
for participants with amputation in their age of younger than 19. The mild scores were 
chosen inversely to the participants’ age-at-amputation: 66.7% of those with amputation 
over 59, 63.3% of younger than 20, 39.2% of 40-59, and 28% of 20-39 years. 
No association was observed between intensity of non-painful phantom limb and: 1- 
cause of amputation (p=0.13for 11 intense scores and p=0.48), 2- time since amputation 
categories (p=0.09for 11 intense scores and for 3 categories of the intense), 3- location 
of amputation (p=0.67for 11 intense scores and p=0.117). 
Among the participants with non-painful phantom limb, in turn: 38.7%, 11.2%, and 50% 
chose worst scores (1-4), neutral score (5) and best scores (6-10) for when rating the 
bothersomeness of their sensation. No significant difference in age of 3 categories of 
non-painful phantom limb bothersomeness was found (p=0.39).No association was 
observed between non-painful phantom limb’s level of bothersomeness and: 1- gender 
(p=0.086), 2- age-groups (p=0.5), 3- participant’ living country (p=0.49), 4- amputation 
cause (p=0.19), 5- amputation location (p=0.867). 
No significant difference was seen between bothersomeness of the non-painful phantom 
limb in terms of their age (p=0.116), No association was found between age-at-
amputation groups and bothersomeness of the non-painful phantom limb in terms of 11 
points scoring  p=0.227), but a relative association was observed in terms of 3 categories 
of the bothersomeness ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](6, 𝑛 = 116) = 12.22,  p=0.057, 𝑑𝑓∗ = 3, 
Cramer’s V=0.218). Around 78% of participants who had amputation after their 60 years 
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age, chose best scores while 55%, 51.9% and 37.3% of those with age-at-amputation 
younger than 20, 20-39 years and 40-59 years selected these scores. The rate of worst 
scores was inverse among amputation age-groups (11.1% for over 59 years, 40% for 
younger than 20, 40.7% for 20-39 years and 47.1% for 40-59 years).  
There was not any association between the bothersomeness of non-painful phantom 
limb and: 1- gender (p=0.086), 2- participants’ country (p=0.487), 3- age-groups 
(p=0.499), 4- amputation cause (p=0.186), 5- the time since amputation categories 
(p=0.499), 6- amputation location (p=0.867). 
 
• Phantom Pain 
Among the participants with phantom pain, 54.6%, 12%, and 33.3% chose the worst 
scores (1-4), neutral score (5) and mild scores (6-10) for intensity of sensation. No 
significant difference was seen between the age of 3 categories of phantom pain (p=0.9).  
No association was found between intensity of phantom pain and: 1- gender (p=0.81for 
11 intense scores and  p=0.96for 3 categories of the pain intense), 2- participants age-
groups (p=0.245for 11 intense scores and  p=0.23for 3 categories of the pain intense), 
3- country of residence (p=0.08for 11 intense scores and  p=0.07for 3 categories of the 
pain intense), 4- age-at-amputation (p=0.32 for 11 intense scores and  p=0.19for 3 
categories of the pain intense), 5- time since amputation categories (p=0.094for 11 
intense scores and  p=0.299for 3 categories of the intense), 6- cause of amputation 
(p=0.32for 11 intense scores and  p=0.22for 3 categories of the pain intense), 7- location 
of amputation (p=0.85 for 11 intense scores and  p=0.63for 3 categories of the pain 
intense) 
Among the participants with phantom pain, in turn, 58.9%, 7.5%, and 33.6% chose worst 
scores (1-4), neutral score (5) and mild scores (6-10) for the bothersomeness of their 
sensation. No significant difference was seen in age of phantom pain bothersomeness 
categories (p=0.12). No association between phantom pain’s level of bothersomeness 
and: 1- gender (p=0.26), 2- age-groups was observed (p=0.1), 3- participant’ living 
country (p=0.8), 4- age-at-amputation groups (p=0.11), 5- amputation cause (p=0.17), 6- 
the time since amputation categories (p=0.094), 7- amputation location (p=0.66). 
 
• Stump pain 
Among the participants with stump pain, in turn, 53.6%, 15.2%, and 31.3% selected 
worst scores (1-4), neutral score (5) and mild scores (6-10) for showing an intense level 
of their sensation. One-way ANOVA showed no significant difference between the age 
of 3 categories of stump pain intensity (F(2, 109)= 0.16, p=0.86).  
No association was found between intense of stump pain and following variables was 
observed: 1- gender (p=0.57 for 11 intense scores and  p=0.65 for 3 categories of the 
pain intense), 2- age-groups (p=0.39for 11 intense scores and  p=0.74for 3 categories 
of the pain intense), 3- time since amputation categories (p=0.199 for 11 intense scores 
and  p=0.974, for 3 categories of the intense), 4- participants’ living country (p=0.14for 
11 intense scores and  p=0.08 for 3 categories of the pain intense), 5- age-at-amputation 
groups (p=0.31for 11 intense scores and p=0.206 for 3 categories of the pain intense), 
6- amputation location (p=0.79for 11 intense scores and  p=0.305for 3 categories of the 
pain intense). 
No significant association was observed between amputation cause and the stump pain 
in comparing of 11 scores of intense (p=0.33,). But, a medium association was observed 
in comparing of 3 pain intense categories and cause of amputation 
(𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](14, 𝑛 = 112) = 24.49, p=0.04, 𝑑𝑓∗ = 2, Cramer’s V=0.311).  
269 
 
The participants with a congenital condition and peripheral arterial diseases as causes 
of amputation had the highest rate of worst scores and the lowest rate of the mild scores 
(in turn 85.7%-14.3% and 83.3%-16.7% of participants in the cause category). While 
participants with amputation secondary to diabetes represented the lowest rate of worst 
scores (14.3%) and the highest rate for mild scores (57.1%).  
Among the participants with stump pain, in turn; 56.2%, 11.6%, and 32.1% chose worst 
scores (1-4), neutral score (5) and best scores (6-10) for the bothersomeness of their 
sensation. No significant difference was found in age of stump pain bothersomeness 
categories (p=0.14). No association was seen between bothersomeness of stump pain 
and: 1- gender (p=0.59), 2- age-groups was observed (p=0.38), 3- participant’ living 
country (p=0.08), 4- age-at-amputation groups (p=0.47), 5- amputation cause (p=0.20), 
6- the time since amputation categories (p=0.181), 7- amputation location (p=0.93). 
 
• Amputated-side bodily sensation score  
A total score for amputated-side bodily sensation gained by averaging scores of 
answered questions related to intensity and bothersomeness of the sensations (Q 49, 
50, 53, 54, 56, 57) for each participant (M± SD=4.97 ±2.46, N=139). No relation was 
found between age and the amputated-side sensation’s score (p=0.08). No significant 
difference in the scores (p=0.23) was seen between males (M±SD=5.18±2.405) and 
females (M±SD= 4.67±2.52).  
No differences were found between mean of bodily sensation score of amputated-side 
in groups of: 1- participants’ age-groups (p=0.24), 2- time since amputation categories 
(p=0.34), 3- cause of amputation (p=0.53), 4- amputation location (p=0.76).  
A small significant difference in the score of participants for the countries was observed 
(F(4, 141)= 3.36, p=0.012, η2=0.09). The mean score (±SD) between British participants 
(4.15±2.2) and Iranians (6.08±2.48) was significantly different. The score of participants 
from the USA (4.59±2.15), Australia (5.48±2.66) and Other Countries (5.08±2.45) did not 
differ significantly from other groups.  
A moderate difference was seen in the score of age-at-amputation groups (F(3, 135)= 
3.44, p=0.019, η2=0.07). The mean score (±SD) for participants with amputation in their 
40-59 years age (4.5±2.31) and over 59 years age-group (6.43±1.76) was significantly 
different. The score of participants with amputation: before 20 years age (5.28±2.66) and 
20-39 years age (4.69±2.6) had no difference with each other and other age-groups.  
There was no relation between the amputated-side bodily score- time since amputation 
(p=0.981) and age-at-amputation (p=0.229). 
 
• Non-amputated side 
The average score related to questions 59-60 for intact limb bodily score was 5.1±2.65 
(N=98). No significant difference (p=0.714) was found between age of participants with 
(M±SD= 54.36±12.96 years) and without (M±SD= 55.24±10.83 years) intact-side pain 
No association was seen between the presence of intact-side pain in these groups: 1- 
gender (p=0.298), 2- participates’ age-groups (p=0.482), 3- time since amputation 
categories (p=0.455), 4- participants’ country (p=0.116), 5- age-at-amputation groups 
(p=0.584), 6- cause of amputation (p=0.29), 7- location of amputation (p=0.41,). 
No significant difference exists between time since amputation of participants with (mean 
rank= 66.99, n=99) and without (mean rank= 72.54, n=37) intact-side pain (p=0.464) or 
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between age-at-amputation of participants with (mean rank= 69.55, n=99) and without 
(mean rank= 65.7, n=37) intact-side pain (p=0.613). 
No difference was observed in age between the frequencies of the intact-side pain 
(p=0.66). No significant association was found between frequency of intact-side pain 
and: 1- gender (p=0.95), 2- age of participants (p=0.167), 3- time since amputation 
categories (p=0.97), 4- age-at-amputation groups (p=0.69), 5- amputation cause 
(p=0.69), 6- amputation location (p =0.568). But, there was a significant difference 
between the frequency of intact-limb pain among participants from different countries 
(𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](24, 𝑛 = 136) = 41.96,  p=0.013, 𝑑𝑓∗ = 4,  Cramer’s V=0.246). No 
participants from Australia and Other Countries expressed “all the time” having the pain 
during last 4 weeks. Highest rate of choosing “never” option was 43% and 39% for 
participants from Other Countries and Iranians. 32.1% and 28.6% of participants from 
Australia and Other Countries chose “only once or twice” frequency.  
 
• Intensity and bothersomeness of intact-side pain 
Figure 2 shows responses to questions about the bodily sensations of the intact limb. 
Respondents were asked to give scores 0-10 points for each related question where 
score 0 stood for “Extremely Intense or bothersome” and score 10 showed “Extremely 
Mild”. In this chart, the most left and darkest colour shows  frequency of score for groups 
0-4 as worst scores, neutral score (5) and scores 6-10 as mild scores. The categories 
have an almost uniform rate. 
Among the participants with intact-side pain, 38.7%, 18.4%, and 42.8% chose in turn 
worst scores (1-4), neutral score (5) and mild scores (6-10) for intensity of sensation. No 
significant difference was seen in age of 3 categories of intact-side pain intensity (p=0.2). 
A low association was found between 3 categories of intact-side pain intensity and 
gender ( 𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](2, 𝑛 = 98) = 5.87,  p=0.05, 𝑑𝑓∗ = 1,  Cramer’s V=0.245) but no 
association between gender and 11 scores of pain intense p=0.09). Thirty percent of 
male participants and 52.6% of female participants chose 1st four worst scores while 
73.8% and 26.2% of participants who selected 4 mild scores were in turn male and 
female respectively. 
 
Figure 2 Bodily sensations of intact-side, darkest colour represents worst scores 
(1-4) and lightest colour is for mild scores (6-10). The dashed pattern shows the 
absence of the questioned quality 
 
There was no significant association between intensity of intact-side pain and: 1- 
participants age-groups (p=0.413 for 11 intense scores andp=0.24for 3 categories of 
intact-side pain intensity), 2- time since amputation categories (p=0.886 for 11 intense 
scores and  p=0.992 for 3 categories of intact-side pain intensity), 3- participants’ country 
of residence (p=0.06, for 11 intense scores and  p=0.09 for 3 categories of intact-side 
pain intensity), 4- age-at-amputation groups (p=0.185for 11 intense scores and  
p=0.21for 3 categories of intact-side pain intensity), 5- cause of amputation (p=0.24for 
11 intense scores and  p=0.24 for 3 categories of intact-side pain intensity), 6- and 
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location of amputation (p=0.55 for 11 intense scores and p=0.235for 3 categories of 
intact-side pain intensity). 
Among the participants with intact-side pain, in turn; 40.2%, 18.6% and 41.2% of 
participants chose worst scores (1-4), neutral score (5) and best scores (6-10) for the 
bothersomeness of their sensation. No significant difference was seen in age of 3 intact-
side pain bothersomeness categories (p=0.26).  
An association was observed between bothersomeness of intact-side pain and gender 
(𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](10, 𝑛 = 97) = 24.204, p=0.007, 𝑑𝑓∗ = 1, Cramer’s V=0.457 for 11 
intense scores and 𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](2, 𝑛 = 97) = 8.24, p=0.019, 𝑑𝑓∗ = 1, Cramer’s V=0.286 
for 3 categories of the bothersomeness). The three mentioned categories of scores were 
chosen by in turn 52.6%, 23.7% and 23.7% of female participants while the rate for the 
same categories of bothersomeness was 32.2%, 15.3% and 52.5% for male participants 
with intact-side pain.  
No association was observed between bothersomeness of the intact-side pain and: 1- 
age-groups was observed (p=0.27), 2- participant’ living country (p=0.176), 3- age-at-
amputation groups (p=0.507), 4- amputation cause (p=0.21), 5- time since amputation 
categories (p=0.215), 6- amputation location (p=0.726). 
 
• Intact-side bodily sensation score 
Total score for intact-side bodily sensation were gained by averaging scores of questions 
number 59 and 60 (related to intensity and bothersomeness of the pain) for each 
participant. No relation was seen between age and the intact-side score (p=0.69). A 
moderate difference (t(96)=2.89, p=005, two-tailed, η2=0.08) in the score between males 
(M±SD= 5.69±2.36) and female (M±SD= 4.16±2.845). The actual difference in mean 
score (mean difference=1.53, 95%CI: 0.48-2.58) was moderate according to the effect 
size, calculated using).  
No difference was found between mean of intact-side’s bodily sensation scores in groups 
of: 1- participants’ age-groups (p=0.35), 2- cause of amputation (p=0.55), 3- amputation 
location (p=0.86), 4- time since amputation categories (p=0.49), 5- age-at-amputation 
groups (p=0.42). 
But, a large difference was observed in the intact-side bodily sensation score between 
participants from different countries (F(4, 93)= 5.556, p=0.01, η2=0.132). The mean 
(±SD) score was significantly different between Americans (3.57±2.305) and Iranians 
(6.43±2.27). The score of British participants (4.56±2.8), Australians (5.325±2.67) and 
Other Countries (5.94±1.78) did not differ significantly from other groups and each other. 
The relationship between the total bodily score and time since amputation as a non-
normal variable was investigated using Spearman’s correlation non-parametric test. 
There was no relation between total bodily score -time since amputation (p=0.114) and 
between the intact-side bodily sensation score - age-at-amputation as a non-normal 
variable (p=0.62).  
 
Results related to prosthesis use 
No significant difference in age of participants in different prosthetic use frequency 
categories was found (p=0.72). No significant association was observed between 
frequency of prosthetic use and: 1- gender (p=0.3), 2- age-groups (p=0.72,), 3- countries 
of participants (p=0.2), 4- age-at-amputation groups (p=0.21), 5- cause of amputation 
(p=0.545), 6- location of amputation (p=0.22). 
• Prosthesis quality and effects  
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Figure 3 shows responses to questions about the prosthesis use (questions number 34-
47). Respondents were asked to score from 0 to 10 their prosthesis in reply to each 
question (average score ± SD=5.94 ±2.1, MED=6.29, N=151). In this diagram, the most 
left /darkest colour is for a score 0 which is worst score versus the most right/lightest 
colour shows score 10 which represents the best score. The least scores were given to 
questions about the possibility of using different shoes with their prosthesis and the 
noisiness of the prosthesis. The respondents had fewer problems with changes 
prosthesis fit due to stump swelling, stump rashes/soreness due to prosthesis use and 
damage to cloths by their prosthesis. 
 
Figure 3 Responses to question about prosthesis qualities and effects, darkest 
colour represents worst score (0) and lightest colour is for best score (10) 
 
Figure 4 shows the percentage of responses to the prosthesis use related to questions 
in form of weakest scores (0-4), neutral score (5) and higher scores (6-10). 
In total and on average, 35.4% of respondents chose weakest scores, 9.4% neutral score 
and 55.2% highest scores. In fact, 25.7%-49.7% of responses are related to scores 0-4, 
3.9%-16.4% for score 5, 46.6%-67.8% for scores 6-10. Total score for prosthesis effects 
and qualities gained by averaging scores of questions number 34-47. 
There was a near to significant relation between age and the score (p=0.054) and no 
significant differences (p=0.126) were seen between the score for males (mean 
rank=80.24) and females (mean rank=69.01).  
The difference in scores was no significant between 1- participants’ age-groups 
(p=0.141), 2- amputation causes (p=0.188)3- location of amputation groups (p=0.117)  
The score of participants had significant difference according to their country of 
residence (𝜒2(4)= 12.08, n=151, p=0.017). Mean rank and median were highest for 
Iranian participants (90.65, MED=6.85) and lowest mean rank and median was for British 
participants (59.01, MED=4.79). The difference between the score of British (n=47) and 
Iranian (n=37) participants was statistically significant. There were no significant 
differences between or with the other countries of residence: Australians (n=32, 
MED=6.19), American (n=20, MED=6.64), Other Countries (n=15, MED=6.29). 
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Figure 4 Percentage of worse scores (0-4), neutral (5) and better scores (6-10) 
given to the questions related to the prosthesis effects and qualities 
 
A significant difference was observed among participants regarding their score across 
time since amputation categories (𝜒2(3)= 8.51, n=151, MED=6.29, p=0.037). Mean rank 
and median were highest for participants with 5 years or less amputation (82.86, 
MED=6.64, n=59) and lowest mean rank and median was for those with 6-10 years 
amputation (55, MED=4.7, n=24). The difference between the score of these 2 
categories was statistically near to significant (p=0.051) but there were no significant 
differences between or with participants in 2 other categories: amputation for 11-20 years 
(n=16, MED=5.22), amputation for more than 20 years (n=52, MED=6.38). No relation 
was seen between “prosthetic quality and effects” score -time since amputation (p=0.81) 
and the score- age-at-amputation (p=0.2)  
But, the difference between the score of the age-at-amputation groups was significant 
(𝜒2(3)= 8.57, n=151, p=0.036). Mean rank and median were highest for participants with 
amputation over their 59 years age (100.1, MED=7.405, n=20) and lowest mean rank 
and median was for participants with amputation in their 40-59 years age (67.59, 
MED=6.07, n=59). The difference between these two groups of age-at-amputation was 
statistically significant. There were no differences between score of either other age-at-
amputation groups nor with the above groups: amputation age-group <20 years (mean 
rank= 73.13, MED=6.29, n=34), 20-39 years (mean rank= 78.93, MED=6.18, n=38). 
 
Self-efficacy aspects of the prosthetic use 
Self-efficacy aspects of the prosthetic use were evaluated by 2 series of question: 3 
questions about emotional/social aspects of the prosthesis use (the frustration 
intensity/frequency and feel of being hindered by prosthetic device socially) and 4 
questions related to the level of satisfaction with prosthesis and life in general.  
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• Emotional/social aspects of the prosthesis using 
Figure 5 shows the categories of the worst score (0-4), neutral (5) and better scores (6-
10) to questions related to the emotional/social aspects of the prosthesis use (questions 
number 61-63). It indicates intensity of frustration is high in the respondents (57.2%). But 
the percentage of responses about the level of social hindering by prosthesis is same for 
participants with both lower scores and higher scores of frustration due to the prosthesis 
(45.5%). 
The total score for emotional aspects of prosthesis use was gained by averaging scores 
of questions number 61-63 (N=153, M± SD=4.9 ±3.115, MED=4.67).  
 
Figure 5 Percentage of worse scores (0-4), neutral (5) and better scores (6-10) to 
questions related to the emotional/social aspects of the prosthesis using 
 
No difference was observed (p=0.171) between scores of 1- males (M± SD=5.18 ±3.2, 
MED=4.84) and females (M± SD=4.43 ±2.94, MED=4.33), 2- age-groups (p=0.153), 3- 
age-at-amputation groups (p=0.098), 4- amputation cause groups (p=0.08).  
A significant difference between the score of participants in different groups of 
amputation location (𝜒2 (5)= 11.16, n=153, p=0.048). Mean rank and median were 
highest for participants with Hip-disarticulation (128, MED=8.3, n=1) and knee-
disarticulation (112, MED=7.33, n=4). Lowest mean rank and median were for bilateral 
amputees (51.39, MED=3.17, n=18). But the adjusted significance level for the pairwise 
tests was not <0.05 for any pairs of groups.  
A significant difference was found between the score of participants from different 
countries (𝜒2(4)= 28.454, n=153, p<0.001). Mean rank and median were highest for 
Iranians (103.54, MED=7.33, n=37) and participants from Other Countries (93.67, 
MED=7.33, n=15). Lowest mean rank and median were for British participants (54.1, 
MED=3, n=48). The difference between the score of these pairs of participants’ groups 
was statistically significant: British participants and Iranians (p<0.001), British 
participants and participants from Other Countries (p=0.025), a near to significant 
difference between Australians (mean rank=74, n=33, MED=4.67) and Iranians 
(p=0.053). There were no differences between scores of Americans (mean rank=75.3, 
MED=4.5, n=20) with above groups. 
A significant difference was observed between the score of participants in different 
categories of time since amputation (𝜒2(3)= 13.62, n=153, p=0.003). Mean rank and 
median were highest for participants with more than 20 years with amputation (91.22, 
MED=6, n=52). Lowest mean rank and median were for those with 6-10 years of 
amputation (51.21, MED=2.5, n=24). The difference between the score of these two 
groups of participants was statistically significant. There were no differences between 
scores of neither two other groups nor with above groups: less than 5 years of amputation 
(mean rank=75.6, n=61, MED=4.67), 11-20 years with amputation (mean rank=75.3, 
n=16, MED=5). 
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The relationship between the emotional aspects’ score (as a non-normal variable) and 
age was investigated using Spearman’s correlation non-parametric test. There was no 
relation between 2 variables, rho=0.071, n=155, p=0.385. The same test showed no 
significant relation between age-at-amputation and the score (rho=-0.09, n=153, 
p=0.263). 
The relationship between the score and time since amputation also was investigated 
using Spearman’s correlation non-parametric test. There was a small positive relation 
between 2 variables which means the score increased with the growing of the time 
(rho=0.18, n=153, p=0.026, two-tailed).  
 
• Frustration 
In Figure 5, zero score indicated “all the time” and 10 stood for “never” as the worst and 
best scores of frustration respectively. Among 153 responses to related questions, the 
scores 0, 5 and 10 of frustration frequency were chosen in turn by 12.4%, 8.5% and 
15.7% of respondents.  
No differences were observed between the age of participants in frustration frequency 
categories (p=0.736). No association was found between frequency of the frustration and 
gender (p=0.26) nor between frustration frequency and participants age-groups (p=0.2).  
The country of residence had a strong association with the frustration frequency 
(𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](40, 𝑛 = 153) = 90.606,  p<0.001, 𝑑𝑓∗ = 4,  Cramer’s V=0.384 for 
11 points scoring and 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](8, 𝑛 = 153) = 19.79,  p=0.01, 𝑑𝑓∗ = 2, 
Cramer’s V=0.247 for 3 categories of the frequency). The rate of choosing score 0 was 
highest for British participants (30.6% of them). Forty-five percent of Iranian participants 
stated never had the feeling. In same way, the highest versus lowest rate of choosing 
most frequent scores was related to British versus Iranian participants (59.2% versus 
21.6%). The rate for other participants was more than 35% and less than 41%. 
No association was found between frustration frequency and age-at-amputation groups 
in terms of 11 points scoring (p=0.206).  
An association existed between frustration frequency and time since amputation 
categories ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜] (30, 𝑛 = 153) = 59.94, p=0.002, 𝑑𝑓∗ = 3,  Cramer’s 
V=0.342 for 11 point scoring frequency and 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜] (6, 𝑛 = 153) =
12.86, p=0.045, 𝑑𝑓∗ = 2, Cramer’s V=0.201 for 3 categories of the frequency). Around 
37% of participants with 6-10 years of amputation, expressed to have frustration “all the 
time”, while 28.8% of participants with amputation for more than 20 years stated they 
never had the frustration. The majority of participants with amputation for 6-10 years 
(62.5%) chose most frequent scores and most of participants with amputation more than 
20 years (65.4%) selected least frequent scores to state their frustration frequency.  
An association was observed between frustration frequency and cause of amputation in 
terms of 11 point scoring (𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](70, 𝑛 = 153) = 95.72 p=0.02, 𝑑𝑓∗ = 7, 
Cramer’s V=0.277) but not in terms of the 3 categories of worst, neutral and best 
frequencies (( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](14, 𝑛 = 153) = 20.456  p=0.116, 𝑑𝑓∗ = 2,  Cramer’s 
V=0.249). Thirty percent of participants with amputation due to cancer or limited function 
due to deformity/severe pain and 25% of participants with amputation due to peripheral 
arterial disease indicated that they felt frustration all of the time and this group were also 
less likely to state that they never felt frustrated while 22.2% of participants with other 
cause of amputation and 21.9% of those with amputation due to serious trauma/injuries 
stated that they never had the feeling. Seventy-five percent of participants with 
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amputation due to peripheral arterial disease versus only 22.2% of those with other 
causes and 28.6% of amputees due to sever infection chose the worst categories of 
frustration (scores 0-4). The frequency for the more favourable scores (score 6-10) was 
lowest for peripheral arterial disease (25%) and highest for other causes and secondary 
to diabetes (66.75% and 60%).  
No association was found between frustration frequency -location of amputation 
(p=0.304) and frustration frequency- age-at-amputation (p=0.147). A significant 
difference was observed between time since amputation across frustration frequency 
categories (𝜒2(2)= 6.68, n=153, p=0.035). Mean rank and median were highest for score 
6-10 (85.58, MED=15, n=77). Lowest mean rank and median were for neutral score 
(53.04, MED=5, n=13). But the adjusted significance level for the pairwise tests was not 
<0.05 for any pairs of groups. Scores 0-4 had mean rank=70.42, n=63 and MED=7 years.  
Frustration intense was expressed by zero score as “Extremely frustrated” and 10 stood 
for “not at all” as the worst and best scores (Figure 5). Around 18% of participants chose 
“Extremely frustrated” to describe intense of their frustration with the prosthesis while the 
rate was 15.5% for “not at all” option and 7.2% for a neutral score (5). The worst scores 
(0-4) had been selected by around 57% of the respondents and only 35.5% had chosen 
better scores (6-10).  
No differences were found between the age of participants in frustration intense 
categories (p=0.9). A small association existed between intensity of the frustration with 
the prosthetic device- gender ( 𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](2, 𝑛 = 152) = 6.59,  p=0.037,  𝑑𝑓∗ = 1, 
Cramer’s V=0.208). Majority of females took place in worst and neutral category while 
around 42% of male had scores 6-10. 
No difference was observed in the intensity of frustration for 1- age-groups (p=0.44), 2- 
time since amputation categories (p=0.2), 3- age-at-amputation groups (p=0.161), 4- 
cause of amputation (p=0.28), 5- location of amputation (p=0.445), 5- the time since 
amputation (p=0.193), and 6- age-at-amputation (p=0.61). 
A medium association between participants’ country and intense of the frustration 
( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](8, 𝑛 = 152) = 26.74  p=0.001, 𝑑𝑓∗ = 2,  Cramer’s V=0.297). 
Iranians were less frustrated (67.6% chose scores 6-10) while around 77% of British 
participants were very frustrated with their prosthesis (scores 0-4). This rate of was 65% 
for American, 60% for Australians, 53.3% of participants from Other Countries and 27% 
of Iranians.   
 
• The feeling of being hindered by the prosthetic device  
In assessing how the prosthesis hindered the participants a zero score indicated “A great 
deal” and 10 stood for “Not at all”. The scores were group into the worst score (0-4), 
neutral (5) and better scores (6-10) with 45.5%, 9.1% and 45.5% of participants placed 
in each one.  
No differences were seen between the age of participants in hindering categories 
(p=0.119). No association was observed between feeling to be hindered categories and: 
1- gender (p=0.675), 2- time since amputation categories (p=0.061), 3- age-at-
amputation (p=0.29), 4- amputation cause (p=0.16), 5- amputation location (p=0.53). 
A significant association existed between the “feeling to be socially hindered by 
prosthesis” categories and participants age-groups ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](40, 𝑛 =
153) = 47.255,  p=0.035, 𝑑𝑓∗ = 4,  Cramer’s V=0.273 for 11 point scoring and 
𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](8, 𝑛 = 154) = 21.69,  p=0.006, 𝑑𝑓∗ = 2,  Cramer’s V=0.243 for 3 
categories of the hindering). Around 43% of respondent in the more than 69 years group 
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and 24.5% of those in 50-59 years group chose score 10 while the rate for other age-
groups were less than 20%. Around 86% of participants over 69 years chose the best 
scores (6-10) while this was least chosen response for participants in 60-69 years group 
with rate of 35% of respondents. It was surprising to see that group with the highest rate 
of choosing the worst scores (0-4) was observed among participants in age-group of 40-
49 years. 
A significant association was found between the feeling of being socially hindered and 
participants from different countries (𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](40, 𝑛 = 154) = 66.8, p=0.005, 
𝑑𝑓∗ = 4, Cramer’s V=0.317 for 11 point scoring and 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](8, 𝑛 = 154) =
18.276, p=0.019, 𝑑𝑓∗ = 2, Cramer’s V=0.235 for 3 categories of the hindering). Around 
26% of British participants and 5% of Iranians expressed their feeling by choosing score 
0, versus 10% of British participants and 53% of participants from Other Countries who 
chose score 10. Around 63% of British participants selected worst scores (0-4) while it 
was least for participants from Other Countries (26.7%). Around 73% of participants from 
Other Countries chose better scores (6-10).  
A significant difference existed between time since amputation across the feeling of 
being hindered categories (𝜒2(2)=6.18, n=154, p=0.045). Mean rank and median were 
highest for neutral score (93.14, MED=15.87, n=14). Lowest mean rank and median 
were for worst scores (68.15, MED=7, n=70). But the adjusted significance level for the 
pairwise tests was not <0.05 for any pairs of groups. Scores 6-10 had mean rank=83.72, 
n=70 and MED=13 years. No significant difference was seen between age-at-amputation 
across hindering categories (p=0.372). 
 
Satisfaction level 
Total score for prosthesis use satisfaction was gained by averaging scores of questions 
number 77-80 (N=154, M± SD=5.9 ±2.72, MED=6.5). No difference was observed 
between the score of 1- genders (p=0.646), 2- age-groups (p=0.243), 3- time since 
amputation categories (p=0.108), 4- age-at-amputation groups (p=0.72), 5- amputation 
cause groups (p=0.15), and 6- amputation location (p=0.155).  
A significant difference was found between the satisfaction score of participants from 
different countries (𝜒2(4)= 17.12, n=154, p=0.002). Mean rank and median were highest 
for participants from Other Countries (99.13, MED=8.5, n=15). Lowest mean rank and 
median were for British participants (56.66, MED=4.75, n=49). The difference between 
the score of these pairs of participants’ groups was statistically significant: British 
participants and Iranians (mean rank=87.04, n=37, MED=7) (p=0.018), British 
participants and participants from Other Countries (p=0.012), British participants and 
Australians (mean rank=85.17, n=33, MED=7) (p=0.045). There were no differences 
between scores of Americans (mean rank=82.03, n=20, MED=6.85) with above groups. 
No relation was seen between the satisfaction score-age (p=0.115), the score- time since 
amputation (p=0.922) and the score-age-at-amputation (p=0.248). 
 
• Satisfied with prosthesis 
For the question related to the level of being satisfied with the prosthesis during last 4 
weeks (question 77), zero score stood for “Extremely dissatisfied” and 10 for “Extremely 
satisfied” as the worst and best scores. Opposite to intense of participants’ frustration, 
the best scores (6-10) for the question related to satisfaction about prosthetic had been 
selected by around 57% of the respondents and only 33.6% had chosen worst scores 
(0-4). No differences were observed between prosthesis satisfaction categories and 1- 
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the age groups (p=0.2), 2- time since amputation (p=0.65), 3- age-at-amputation 
(p=0.65). No association was seen between satisfaction with the prosthetic device and: 
1- gender (p=0.427), 2- age-groups (p=0.38), 3- time since amputation categories 
(p=0.16), 4- age-at-amputation groups (p=0.74), 5- cause of amputation (p=0.42), 6- 
location of amputation (p=0.48). 
A medium association was seen between participants’ country and the satisfaction 
categories ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](8, 𝑛 = 152) = 23.88  p=0.002, 𝑑𝑓∗ = 2,  Cramer’s 
V=0.262). Iranians were less dissatisfied (16.7%) while around 54% of British 
participants were dissatisfied with their prosthesis (scores 0-4). Twenty-five percent  of 
American, 27.3% of Australians and 33.3% of participants from Other Countries chose 
the worst scores whilst for  the better scores was 75% for American, 66.7% of participants 
from Other Countries, 69.4% of Iranians, 57.6.3% for Australians, and 37.5% of British 
participants.   
 
• Satisfied with walking 
For the question related to the level of satisfaction with walking with the prosthesis during 
last 4 weeks (question 78), zero score stood for “Extremely dissatisfied” and 10 for 
“Extremely satisfied”. The best scores (6-10) had been selected by around 55% of the 
respondents and only 35% had chosen worst scores (0-4). No differences were seen 
between the age of participants in walking satisfaction categories (p=0.2). No association 
was found between walking satisfaction and: 1- gender (p=0.336), 2- age-groups (p=0.5), 
3- time since amputation categories (p=0.48), 4- age-at-amputation groups (p=0.164), 5- 
cause of amputation (p=0.2), 6- location of amputation (p=0.38). 
A medium association was observed between participants’ country and the satisfaction 
categories ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](8, 𝑛 = 153) = 27.83  p=0.001, 𝑑𝑓∗ = 2,  Cramer’s 
V=0.291). Iranians were less dissatisfied (13.9%) while around 59% of British 
participants were dissatisfied with their walking (scores 0-4). The rate of choosing of the 
worst score was 35% for American, 33.3% of participants from Other Countries, and 
21.2% for Australians. The rate of choosing of the better scores was 66.7% for Iranians, 
Australians and participants from Other Countries, 50% for American, 34.7% for British 
participants. 
No significant differences were seen between the time since amputation or age-at-
amputation across the walking satisfaction categories (in turn p=0.83 and p=0.122). 
 
• Quality of Life (QoL) 
For the question related to the rating Quality of Life during last 4 weeks (question 79), 
zero score stood for “Worst possible life” and 10 for “Best possible life. As it was seen in 
Figure 3-15, the best scores (6-10) for the question had been selected by around 61% 
of the respondents and only 28.3% had chosen worst scores (0-4). No differences were 
seen between the age of participants in QOL categories (p=0.68).  
No association was observed between QoL’s categories and: 1- gender (p=0.2), 2- age-
group (p=0.56), 3- time since amputation categories (p=0.58), 4- age-at-amputation 
groups (p=0.84), 5- cause of amputation (p=0.22), 6- location of amputation (p=0.3). 
A medium association was found between participants’ country and the QoL’s categories 
( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](8, 𝑛 = 154) = 21.06  p=0.007, 𝑑𝑓∗ = 2,  Cramer’s V=0.259). 
Participants from Other Countries seemed to be less un-happy with QoL (13.3%) while 
around 42% of British participants were not happy with their QoL (scores 0-4). The rate 
of choosing of the worst score was 35% for American, 19.4% for Iranians, and 18.2% for 
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Australians. The rate of choosing of the better scores was 80% of participants from Other 
Countries, 75.8% of Australians, 75% of Iranians, 50% of American, and 38% of British 
participants.  
No significant differences were seen between the time since amputation as well as age-
at-amputation across the QoL rating categories (in turn 𝜒2(2)= 1.824, n=154, MED=8, 
p=0.4 and 𝜒2(2)= 1.65, n=154, MED=41, p=0.44). But, a positive small relation was 
observed between time since amputation and QoL score (rho=-0.163, n=154, p=0.044, 
two-tailed) with higher scores for QoL associated with longer time since amputation. 
 
• Satisfaction with training received after amputation 
For the question 80 (rate of being satisfied with the prosthetic training you have received 
since your amputation), zero score stood for “Extremely dissatisfied” and 10 for 
“Extremely satisfied”. There was an option to choose “no-training was received” and 20% 
of respondents selected this option. The best scores (6-10) were selected by around 
51% of the respondents and only 22.4% chose worst scores (0-4).  
No differences were seen between the age of participants in prosthesis satisfaction 
categories (p=0.075). No association existed between the satisfaction and: 1- gender 
(p=0.68), 2- age-groups (p=0.485), 3- amputation cause (p=0.11), 4- participants’ 
country (p=0.085). 
A small association was observed between time since amputation categories and the 
level of satisfaction with the training (𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](9, 𝑛 = 155) = 23.89 p=0.004, 
𝑑𝑓∗ = 2, Cramer’s V=0.23). More than one-third of participants with amputation for more 
than 20 years did not received training (36.5%) while this rate was 4% for participants 
with 6-10 years of amputation. Around 63% of respondents with less than 6 years of 
amputation were satisfied with the training while only 37.5% of those with 11-20 years of 
amputation chose scores 6-10.  
A small association existed between age-at-amputation groups and the level of 
satisfaction with the training (𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](9, 𝑛 = 155) = 19.53 p=0.021, 𝑑𝑓∗ =
2, Cramer’s V=0.2). Around one-third of participants with age-at-amputation before 20 
years did not received training (32.4%) while this rate was 4.8% for participants with 
amputation after 59 years. It seems the rate of satisfaction increases with increasing of 
age-at-amputation in the groups. Around 76% of respondents with age-at-amputation 
more than 59 years were satisfied with the training while this rate was 26.5% for those 
experienced amputation before their 20 years age. Around 26% of respondents with age-
at-amputation between 20 and 39 years did not receive the training and same 
percentage were dissatisfied with the training.  
A medium association was observed between amputation location and the level of 
satisfaction with the training (𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](15, 𝑛 = 155) = 18.13 p=0.021, 𝑑𝑓∗ =
2, Cramer’s V=0.239). As most of participants (around 83% of total respondents) had 
below-knee and above-knee amputations, the focus will be on their results. In fact, a 
small number of respondents had knee-disarticulation (n=4), ankle-foot amputation (n=3) 
or hip-disarticulation (n=2), the percentage of 1 person is huge among them and it makes 
bias in interpreting of the results. Around 30% of below-knee amputees and only 8.8% 
of above-knee respondents did not receive the training. Around 32% of above-knee 
amputees chose scores 0-4 while the rate was 11.3% for below-knee amputees and 52% 
of them were satisfied with the received training (scores 6-10). Around 40% of bilateral 
amputees were satisfied and same percentage were dissatisfied with the training.  
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A significant difference existed between time since amputation across satisfaction with 
training categories (𝜒2(3)=14.16, n=155, p=0.003). Mean rank and median were highest 
for no-training option (102.18, MED=23, n=30). Lowest mean rank and median were for 
satisfied scores (67.27, MED=5, n=77). The time since amputation was significantly 
different between these two categories (p=0.002). There was no difference between 
neither two other categories nor with above categories: dissatisfied scores (mean 
rank=76.18, n=34 and MED=9.5 years), and neutral scores (mean rank=89.64, n=14 and 
MED=14 years). 
A significant difference was observed between age-at-amputation across satisfaction 
with training categories (𝜒2(3)=21.98, n=155, p<0.001). Mean rank and median were 
highest for satisfied scores (93.81, MED=51 years, n=77). Lowest mean rank and 
median were for no-training option (51.27, MED=22 years, n=30). The age-at-amputation 
was significantly different between these two categories (p<0.001). But, the difference 
between dissatisfied category (mean rank=69.68, n=34 and MED=35 years) and 
satisfied group was near to significant (p=0.053). There was no difference between the 
age-at-amputation of neutral group (mean rank=68.75, n=14 and MED=40 years) with 
above groups. 
 
Important aspects of the prosthetic use 
Total score for important aspects of prosthesis use was gained by averaging scores of 
questions number 81-84 (M± SD=5.83 ±1.99, MED=6.25, N=155). A significant 
difference (𝜒2(1)= 4.11, n=155, p=0.043) was observed between the score of males 
(mean rank= 72.28, M± SD=5.59 ±2.07, MED=5.875) and females (mean rank=87.31, 
M± SD=6.2 ±1.83, MED=6. 5). There was also a significant difference between the score 
of different age-groups (𝜒2(4)= 13.75, n=155, p=0.008). Mean rank and median were 
highest for the age-group younger than 40 years (108.28, MED=7, n=18). Lowest mean 
rank and median were for the age-group older than 69 years (57.86, MED=5.5, n=14). 
The important parameters score was significantly different between these 2 pairs: age-
group younger than 40 years and age-group older than 69 years (p=016), age-group 60-
69 years (mean rank=69.44, n=43, MED=5.5) and younger than 40 years (0.02). There 
was no difference between the score either between two other groups or with above 
groups: 40-49 years (mean rank=86.63, n=27 and MED=6.5), 50-59 years (mean 
rank=75.58, n=53 and MED=6). 
A significant difference existed between the score of important aspects for participants 
from different countries (𝜒2(4)= 15.135, n=155, p=0.004). Mean rank and median were 
highest for Iranian participants (98.47, MED=7, n=37). Lowest mean rank and median 
were for participants from other countries (53.43, MED=4.75, n=15). The important 
parameters score was significantly different between these 2 pairs: participants from 
Other Countries and Iranians (p=0.01), Americans (mean rank=60.98, n=20, MED=5.5) 
and Iranians (p=0.026). There was no difference between the score of either the British 
participants (mean rank=78.03, n=50, MED=6.25) and Australians (mean rank=76.48, 
n=33, MED=6), or with above groups. 
A significant difference was also observed between the score across time since 
amputation categories (𝜒2(3)= 10.34, n=155, p=0.016). Mean rank and median were 
highest for participants with 11-20 years of amputation (98.38, MED=7, n=16). Lowest 
mean rank and median were for those with less than 6 years of amputation (64.55, 
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MED=5.375, n=62). But the adjusted significance level for the pairwise tests was not 
<0.05 for any pairs of groups. However, the p-value was 0.054 in comparing of above 
groups. There was not difference between neither he groups with amputation 6-10 years 
(mean rank=81.78, n=25, MED=6.5) and more than 20 years (mean rank=86.57, n=52, 
MED=6.5), nor with above groups. 
A significant difference was seen between the score of age-at-amputation groups (𝜒2(3)= 
16.48, n=155, p=0.001). Mean rank and median were highest for the age-at-amputation 
group younger than 20 years (99.06, MED=7, n=34). Lowest mean rank and median 
were for the age-at-amputation group elder than 59 years (51.29, MED=4.25, n=21). The 
important parameters score was significantly different between these 2 pairs of age-at-
amputation groups: younger than 20 and older than 59 years (p=0.001), younger than 
20 and 40-59 years (mean rank=72.2, n=61, MED=6) (p=031). There was a near to 
significant difference (p=0.053) between age-at-amputation groups older than 59 and 
40-59 years. There was no difference between the score between 20-39 years group 
(mean rank=83.1, n=39 and MED=6. 5) and above groups. 
A significant difference existed between the score of important aspects for participants 
with different causes of amputation (𝜒2(7)= 15.612, n=155, p=0.029). Mean rank and 
median were highest for congenital condition cause (108, n=8, MED=7.125) and cancer 
cause (105, MED=6.875, n=10). Lowest mean rank and median were for secondary to 
diabetes cause (40.35, MED=3.75, n=10). The important parameters score was 
significantly different between these 2 pairs: secondary to diabetes and cancer 
(p=0.035), secondary to diabetes and congenital conditions (p=0.041). There was no 
difference between the score of neither peripheral arterial disease (mean rank=71.38, 
n=12, MED=5.625), limited function/sever pain (mean rank=88.91, n=11, MED=6.25), 
severe infection (mean rank=78.68, n=22, MED=6.25), serious trauma/injuries (mean 
rank=76.51, n=73, MED=6), other causes (mean rank=69.06, n=9, MED=6), nor with 
above groups. 
But, no significant difference was found between the score of participants with different 
amputation locations (p=0.365).  
There was a small negative relation between the score of important parameters –age 
(rho=-0.257, n=155, p=0.001, two-tailed) with higher scores associated with younger 
age, in addition to a small positive relation between the score-time since amputation 
(rho=0.243, n=155, p=0.002, two-tailed), with higher scores associated with longer time 
since amputation. 
A moderate negative relation was seen between the score and age-at-amputation (rho=-
0.351, n=155, p<0.001, two-tailed), with higher scores associated with younger age-at-
amputation. 
 
• Importance of prosthesis appearance 
For the question related to the importance of prosthesis appearance (question 81), zero 
score stood for “Not at all” and 10 for “Extremely important”. The higher scores (6-10) for 
the question were selected by around 60% of the respondents and only 31.4% chosen 
lower scores (0-4). 
A small significant difference existed in age of the importance of prosthesis appearance 
categories (F(2, 150)= 5.09, p=0.007, η2=0.06). The mean age for the pair of lower 
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scores (M±SD= 58.85±10.2) and higher scores (M±SD= 52.2±12.37) were different. The 
age of participants who chose neutral scores (M±SD= 56.15±13.4) did not differ 
significantly from other categories. 
A near to significant association was seen between categories of the prosthesis 
appearance importance and gender (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](2, 𝑛 = 153) = 5.68, p=0.058, 𝑑𝑓∗ = 1, 
Cramer’s V=0.193). Around 53% of males expressed the level of importance by choosing 
scores 6-10, while the rate was 71.2% of females. Same trend was recorded for lower 
scores with 38.3% of males versus 20.3% of females.  
No significant difference was found between the importance of prosthesis appearance 
and cause of amputation (p=0.12), or location of amputation (p=0.93). 
A medium association existed between participants’ age-groups and importance of 
appearance categories ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](8, 𝑛 = 153) = 15.55  p=0.049, 𝑑𝑓∗ = 2, 
Cramer’s V=0.211). The level of being important decreases with the increase of age.  
A moderate association was observed between participants’ country and the importance 
of prosthesis appearance categories ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](8, 𝑛 = 153) = 29.48 
p<0.001, 𝑑𝑓∗ = 2, Cramer’s V=0.281). Iranians and Australians gave more importance 
to appearance of their prosthesis. Only one Iranian (2.8% of Iranian participants) and 
24.2% of Australian participants chose lower scores while the rate was 53.3% of 
participants from Other Countries, 45% for American and British participants. The rate of 
higher scores also was highest for Iranians (86.1% of them). 
A medium association was found between participants’ time since amputation categories 
and importance of appearance categories ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](8, 𝑛 = 153) = 13.63 
p=0.034, 𝑑𝑓∗ = 2, Cramer’s V=0.205). The level of importance increases with increase 
of time since amputation. 
A significant difference existed between time since amputation across the importance of 
prosthesis appearance categories (𝜒2 (2)=15.064, n=153, p=0.001). Mean rank and 
median were highest for neutral score (91.69, MED=15, n=13). Lowest mean rank and 
median were for less important (56.62, MED=4, n=48). The difference was significance 
between these two pairs of groups: less important and more important levels (mean 
rank=85.55, n=92, MED=11.5) (p=0.001), less important and neutral levels (p=0.034).  
A significant difference was seen between age-at-amputation across the importance of 
prosthesis appearance categories (𝜒2(2)=23.6, n=153, p<0.001). Mean rank and median 
were highest for lower score (102.72, MED=53 years, n=48). Lowest mean rank and 
median were for more important level (64.99, MED=29 years, n=92). The difference was 
significance between these two pairs of groups: less important and more important levels 
(p<0.001), less important and neutral (mean rank=67, n=13, MED=35 years) levels 
(p=0.03). 
 
• Importance of being able to wear different shoes 
For the question related to the level of importance for being able to wear different shoes 
(question 82), zero score stood for “Not at all” and 10 for “Extremely important” as the 
lowest and highest level of importance for the respondents. The higher scores (6-10) for 
the question had been selected by around 66% of the respondents and only 30% had 
chosen lower scores (0-4).  
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No significant difference was found in age between the importance of wearing different 
shoes categories (p=0.092): lower scores (M±SD= 57.33±8.83 years, n=45), neutral 
scores (M±SD= 56.15±13.4, n=7), higher scores (M±SD= 53.07±13.09, n=100).  
No significant association was seen between the importance of wearing different shoes 
and: 1- gender (p=0.113) 2- participants’ country (p=0.31), 3- age-at-amputation groups 
(p=0.28), 4- location of amputation (p=0.443). 
A medium association was observed between participants’ age-groups and importance 
of being able to wear different shoes categories (𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](8, 𝑛 = 152) =
19.94, p=0.01, 𝑑𝑓∗ = 2,  Cramer’s V=0.22). The rate of higher level of importance is 
related to respondents younger than 40 years (94% of respondents in the age-group), 
the proportion of higher scores remain high among groups but decreases gradually with 
increase of age to 69.2%, 60.4% and finally 58.5% in age-group 60-69 but in the age 
group older than 69 increases to 64.3%. 
A medium association was seen between participants’ time since amputation categories 
and “importance of being able to wear different shoes” (𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](8, 𝑛 =
152) = 14.84 p=0.022, 𝑑𝑓∗ = 2, Cramer’s V=0.209). Around only half of participants with 
less than 6 years of being amputated chose higher scores while 88% of participants with 
amputation for 6-10 years selected same category of scores and the rate decreased with 
increase of the time to 68.6% in respondents with more than 20 years of amputation 
experience.  
A medium association was found between the cause of amputation and “importance of 
being able to wear different shoes” categories (𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](14, 𝑛 = 152) =
24.63, p=0.038, 𝑑𝑓∗ = 2, Cramer’s V=0.258). The rate of higher level of the importance 
was 100% for cancer group, 87.5% for congenital condition group, 80% for limited 
function/severe pain group, and 71.4% for severe infection group as cause of amputation 
while 70% of participants with amputation due to diabetes chose lower level of 
importance.  
No significant differences were observed between the time since amputation as well as 
age-at-amputation across the “importance of being able to wear different shoes” 
categories (in turn p=0.18 and p=0.073). 
 
• Bothersome swelling of the stump 
For the question related to the level of stump swelling bothersomeness (question 83), 
zero score stood for “Extremely bothersome” and 10 for “Not at all” as the highest and 
lowest level of importance for the respondents. For being able to calculate the total 
scores for the important parameter, the scoring inversed by subtracting original score 
from 10. The lower level of importance for the question had been selected by around 
58% of the respondents and only 33% had expressed having more concern about the 
swelling of the stump.  
No significant difference of age was found between the stump swelling bothersomeness 
categories (p=0.766. No significant association was seen between the importance of 
stump swelling and: 1- gender (p=0.25), 2- participants’ age-groups (p=0.93), 3- time 
since amputation categories (p=0.204), 4- age-at-amputation groups (p=0.74), 5- 
amputation cause (p=0.95), and 6- amputation location (p=0.45). 
A near to significant association was seen between stump swelling importance and 
participants’ country ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](8, 𝑛 = 152) = 15.35  p=0.053, 𝑑𝑓∗ = 2, 
Cramer’s V=0.221). The lower importance had been chosen by in turn more by Iranians 
(72%), Australians (66.7%), American (65%) and participants from Other Countries 
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(60%) while the rate was 38% for British participants. With an inverse trend 52% of British 
participants expressed the swelling was more bothersome for them while the rate was 
16.7% of Iranians.  
No significant differences were observed between the time since amputation or age-at-
amputation across the importance (bothersomeness) of stump swelling categories (in 
turn p=0.86 and p=0.786). 
 
• Importance of walk up a steep hill 
For the question related to the level of importance for being able to walk up a steep hill 
(question 84), zero score stood for “Not at all” and 10 for “Extremely important” as the 
lowest and highest level of importance for the respondents. The higher scores (6-10) for 
the question had been selected by around 74% of the respondents and only 15% had 
chosen lower scores (0-4).  
No significant difference of age was seen between the importance of wearing different 
shoes categories (p=0.433). No significant association existed between the importance 
of walking up steep hill and: 1- gender (p=0.35), 2- participants’ age-groups (p=0.54), 3- 
participants’ country (p=0.48), 4- time since amputation categories (p=0.075), 5- 
amputation cause (p=0.134), and 6- amputation location (p=0.42). 
A moderate difference was observed across age-at-amputation groups of the importance 
of walking up a steep hill categories ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](6, 𝑛 = 153) = 20.135, 
p=0.003, 𝑑𝑓∗ = 2, Cramer’s V=0.247). The more important scores had highest rate for 
the age-at-amputation group younger than 20 years (91.2%) and lowest rate for 40-59 
years group (56.7%).  
A significant difference between age-at-amputation across the importance of walking up 
a steep hill categories (𝜒2(2)=9.03, n=153, p=0.01). Mean rank and median were highest 
for neutral score (100.94, MED=53 years, n=17). Lowest mean rank and median were 
for more important level (70.83, MED=35 years, n=113). The difference was significance 
between these groups (p=0.027). There was no significant difference between age-at-
amputation of less important category (mean rank=89.63, n=23, MED=47 years) and 
above categories. 
A significant difference was found between time since amputation across the importance 
of walking up a steep hill categories (𝜒2(2)=6.71, n=153, p=0.035). Mean rank and 
median were lowest for neutral score (51.53, MED=4, n=17). Highest mean rank and 
median were for more important level (81.22, MED=10, n=113). The difference was 
significance between these pairs (p=0.03). There was no significant difference between 
time since amputation of less important category (mean rank=75.09, n=23, MED=9) and 
above categories. 
 
Total score of prosthesis evaluation 
The average of scores for each respondent given to 42 questions related to bodily 
sensations (8 questions: 49, 50, 53, 54, 56, 57, 59, 60), prosthesis effects and qualities 
(14 questions: 34-47), PEQ-M (13 questions: 64-76), emotional aspects of prosthesis 
use (3 questions: 61-63) and satisfaction (4 questions: 77-80) was calculated to give a 
total score of prosthetic device evaluation (M± SD=5.52 ±2.18, MED=5.9, N=154). The 
questions related to important parameters of prosthetic use were not considered 
because the nature of the questions and scoring were opposite to other questions.  
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No significant difference was found between the score of: 1- genders (p=0.202), 2- age-
groups (p=0.21), 3- age-at-amputation groups (p=0.38), 4- amputation causes (p=0.07), 
and 5- amputation location (p=0.122).  
A significant difference was observed between the total score of participants from 
different countries (𝜒2(4)= 25.47, n=154, p<0.001). Mean rank and median were highest 
for Iranian participants (99.64, MED=6.75, n=37). Lowest mean rank and median were 
for British participants (53.42, MED=4.69, n=49). The total score was significantly 
different between these 2 pairs: British participants and Iranians (p<0.001), participants 
from Other Countries (mean rank=93.27, n=15, MED=6.62) and British participants 
(p=0.025). There was no difference between the score of either Australians (mean 
rank=80.86, n=33, MED=6.05) and Americans (mean rank=78.18, n=20, MED=5.885) or 
with above groups. 
A significant difference was found between the score of time since amputation categories 
(𝜒2(3)= 7.82, n=154, p=0.05). But the adjusted significance level for the pairwise tests 
was not <0.05 for any pairs of groups. Mean rank and median were highest for 
participants with more than 20 years of amputation (86.29, MED=6.345, n=52) and 
participants with less than 6 years of amputation (80.42, MED=5.91, n=61). Lowest mean 
rank and median were for the group with 6-10 years of amputation (mean rank=57.72, 
n=25, MED=4.97) and participants with 11-20 years of amputation (mean rank=68.72, 
n=16 and MED=4.78).  
There was no relation between the total score -age of participants (p=0.352), between 
time since amputation -this score (p=0.376) and between the score- age-at-amputation 
(p=0.998). 
A near to significant difference was observed (𝜒2(1)= 3.82, n=154, p=0.051) between 
the score of participants with phantom limb (mean rank=73.97, n=123, MED=5.62) and 
those without it (Mean rank=91.5, n=31, MED=6.44). The total score of participants with 
phantom pain (mean rank=65.83, n=105, MED=5.02) was significantly lower than 
participants without it ( 𝜒2 (1)= 22.58, n=154, p<0.001) (mean rank=102.5, n=49, 
MED=7.02). Similarly, the total score of participants with stump pain (mean rank=66.99, 
n=116, MED=5.4) significantly ( 𝜒2 (1)= 22.85, n=152, p<0.001) was lower than 
participants without it (mean rank=107.14, n=36, MED=7.36). A significant difference 
was seen (𝜒2(1)= 6.77, n=154, p=0.009) between the score of participants with intact-
side pain (mean rank=62.62, n=98, MED=5.82) and without it (mean rank=82.26, n=37, 
MED=6.64). 
A significant difference was found between the “total prosthesis evaluation” score of 
participants with/without worry about falling (𝜒2(1)= 14.44, n=154, p<0.001). Mean rank 
and median for worried participants (68.86, MED=5.49, n=110) were lower than 
participants without the worry (99.09, MED=6.57, n=44). A significant difference was 
seen between the “total prosthesis evaluation” score of faller/non-faller participants 
(𝜒2(1)= 11.39, n=154, p=0.001). Mean rank and median for faller participants (68.07, 
MED=5.26, n=96) were lower than non-faller participants (93.1, MED=6.45, n=58). A 
significant difference existed between the “total prosthesis evaluation” score of 
aided/unaided participants (𝜒2(1)= 15.26, n=154, p<0.001). Mean rank and median for 
aided participants (65.66, MED=4, n=90.98) were lower than unaided participants 
(94.25, MED=6.53, n=64). 
 
Results related to lower back pain experience 
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A small association was found between lower back pain (LBP) and gender 
(𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 = 155) = 10.595,  p=0.001,  𝑑𝑓∗ = 1,  Phi=-0.261). Ninety percent of 
females (53 persons) had LBP while the rate was 66.7% for males (64 persons).  
A small association was seen between LBP and amputation cause categories 
(𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](7, 𝑛 = 155) = 14.256,  p=0.047,  𝑑𝑓∗ = 1,  Cramer’s V=0.268). All 
amputees with amputation due to peripheral arterial diseases, 91% of participants with 
amputation cause of limited function due to deformity/severe pain, 90% of those with 
amputation secondary to diabetes, 87.5% of those with congenital conditions, 72.6% of 
participants with amputation due to serious trauma/injuries, 72% of those with 
amputation due to cancer, 66.7% of participants with Other causes of amputation and 
59.1% of those with amputation due to severe infection expressed having LBP. 
No significant association was observed between LBP and 1- age-groups (p=0.63), 2- 
participants’ country (p=0.096), 3- time since amputation categories (p=0.5), 4- age-at-
amputation groups (p=0.549), 5- amputation location categories (p=0.342) was 
observed. 
There was no significant difference (p=0.725) in age for participants with LBP 
(M±SD=54.85±11.98) and without it (M±SD=54.05±12.76).  
No significant differences was found between distribution of the time since amputation 
and age-at-amputation among participants with or without LBP (in turn p=0.72 and 
p=0.396). 
A small association was seen between LBP and phantom limb sensation 
(𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 = 155) = 8.92,  p=0.003,  𝑑𝑓∗ = 1,  Phi=-0.24). Eighty-one percent of 
participants with phantom limb sensation had LBP while almost equal percentage of 
participants without the sensation were with and without LBP.  
A small association also existed between LBP and phantom pain (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 =
155) = 4.01, p=0.045, 𝑑𝑓∗ = 1, Phi=-0.16). Eighty percent of participants with phantom 
pain and of 65% of participants without it had LBP. 
A moderate association was observed between LBP and stump pain (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 =
155) = 20.99,  p<0.001,  𝑑𝑓∗ = 1,  Phi=-0.37). Eighty-five percent of participants with 
stump pain had LBP while almost equal percentage of participants without LBP were 
with and without stump pain. 
A small association was found between LBP and intact-side pain (𝜒2[𝑃𝑒𝑎𝑟𝑠𝑜𝑛](1, 𝑛 =
136) = 10.86,  p=0.001,  𝑑𝑓∗ = 1,  Phi=-0.28). Eighty-two percent of participants with 
intact-side pain had LBP while almost equal percentage of participants without the 
sensation were with/ without LBP. 
There was no significant association between LBP and frequency of prosthesis use 
(p=0.308).  
A significant difference was seen between the PEQ-M score of participants with/without 
LBP (𝜒2(1)= 11.96, n=153, p=0.001). Mean rank and median for participants with LBP 
(69.88, MED=5.62, M±SD=5.37±2.35, n=115) were lower than participants without the 
pain (98.55, MED=7.345, M±SD=6.86±2.11, n=38). 
A significant difference was observed between the “total prosthesis evaluation” score of 
participants with/without LBP (𝜒2(1)= 14.148, n=154, p<0.001). Mean rank and median 
for participants with LBP (69.76, MED=5.47, M±SD=5.15±2.1, n=116) were lower than 
participants without LBP (101.12, MED=7.08, M±SD=6.67±2.05, n=38). 
 
Level of being worried about falling 
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One Hundred-ten participants recorded the level of their worry about falling. The level of 
worry was presented by 0-10 scoring choices in which 0 stands for “Extremely worried 
and it severely limits the things I can do” and 10 stands for “Only a little worried and it 
does not limit my activities”. As it is seen in Figure 6 most of respondents indicated some 
degree of worry about falling.  
 
Figure 6 Level of being worried about falling 
 
By grouping into three categories, 56 participants (50.91% of worried respondents) 
showed the highest level of worry (scores 0-4) vs 40 participants (36.36% of worried 
respondents) for a lower level of worry (scores 6-10). Fourteen persons (12.73% of 
worried respondents) chose the neutral score. There was no significant association 
between level of being worried and the frequency of prosthetic use (p=0.31). Around 
70% of participants with score 0-4, used their prosthesis every day, most/all the day. 
 
Oswestry Disability Questionnaire 
“Oswestry Disability Index (ODI)” questionnaire assesses the negative effect of LBP on 
routine activities performance and thus might be consider as a tool to evaluate 
functionality of individuals with LBP. ODI has 10 sections to evaluate intensity of LBP 
and its effect on performing nine routine activities including: personal care (Q108), ability 
to lift objects (Q109), walking (Q110), sitting (Q111), standing (Q112), sleeping (Q113), 
sex life (Q114), social life (Q115) and ability to travel (Q116). The respondents were 
allowed to leave question number 114 without answering and among total 117 persons 
with LBP, almost 30% of respondents (35 persons) chose not answering this question. 
Then due to the high rate of missed scores, the result related to it is not presented here.  
The intensity of the pain was very mild or moderate for most of the respondents with LBP 
(69% of total respondent and 92% of participants with LBP). Among 116 respondents 
with LBP, 55% were able to look after themselves (including washing, dressing, etc.) 
without the feeling of pain increasing and only 3% needed help due to increase in pain 
for this part of routine life. LBP had a more limiting effect on the ability to lift objects. Only 
19% of respondents with LBP expressed that they can lift even heavy objects without 
pain raise and 3% were not able to lift/carry anything at all. Only 19% of the respondents 
reported ability of walking any distance in spite of the LBP and 1% indicated that most of 
the time they were in bed. Most of the respondents with LBP were able to sit in any chair 
or their favourite chair without extra pain (in order 38% and 21%) while 27%, 11%, and 
3% indicated that they could sit for less than 1 hour, less than 30 minutes and less than 
10 minutes respectively. Standing was associated with pain increase in most of the 
respondents with low back pain. Only 7% of the respondent could stand as long as they 
wish without pain raise.LBP occasionally disturbed most of the respondents sleeping or 
had no effect on it (52% vs 19% of respondents). Although 2% were not able to sleep 
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due to the pain. LBP did not change 50% of respondents’ social life even they experience 
extra pain (24%). However, more than 30% of respondent felt the pain has restricted 
their social life. Most the respondents could travel anywhere without or with extra pain 
(22% vs 49%) whilst almost 10% of them have limited their journeys to those with less 
than 1-hour traveling time.  
To gain Oswestry score, the first option in each section was allocated a score of 0. A 
score of 5 was given to last option and 1-4 score was respectively given for the other 
options. After that, the sum of scores of all sections for each respondent was divided by 
5 multiplied by the number of answered questions. The resulting number was multiplied 
by 100 to have a percentage. Table 1 demonstrates the disability level according to the 
ODI score (Fairbank and Pynsent, 2000). It means higher ODI scores are indicator of 
higher levels of disability due to LBP. 
Table 1 Interpretation of ODI score (Fairbank and Pynsent, 2000) 
Oswestry 
score 
Level of disability 
due to LBP 
Brief description 
0-20% Minimal The patient can cope with most living activities. Usually, no treatment 
is indicated apart from advice on lifting sitting and exercise 
21-40% Moderate The patient experiences more pain and difficulty with sitting, lifting and 
standing. Travel and social life are more difficult and they may be 
disabled from work. Personal care, sexual activity, and sleeping are not 
grossly affected and the patient can usually be managed by 
conservative means. 
41-60% Severe Pain remains the main problem in this group but activities of daily living 
are affected. These patients require a detailed investigation 
61-80% Crippled Back pain impinges on all aspects of the patient's life. Positive 
intervention is required. 
81-100%  These patients are either bed-bound or exaggerating their symptoms 
 
The average of total score was 30.21 (±17.36, MED=27.45, N=116, Min-Max=0-80). 
Among 116 participants who replied to ODI questions, 42 persons (36.2% of 
respondents) were in the minimal disability category, 40 persons (34.5% of respondents) 
in the moderate disability category, 28 persons (24.1% of respondents) in the severe 
disability category and 6 persons (5%) in the crippled category. 
 
Relation between ODI score and general variables 
No difference was seen between ODI score of: 1- genders (p=0.56), 2- age-groups 
(p=0.33), 3- time since amputation categories (p=0.77), 4- age-at-amputation groups 
(p=0.30), 5- amputation cause groups (p=0.087), and 6- amputation location (p=0.6). 
There was no significant relation between ODI score- age (p=0.216), the score- time 
since amputation (p=0.397), nor a relation between the score and age-at-amputation 
(p=0.955). 
A moderate association was found between ODI score’s categories and gender 
(𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](3, 𝑛 = 116) = 11.28, p=0.01, 𝑑𝑓∗ = 1, Cramer’s V=0.306). Around 
45% of female participants with LBP took place in minimal disability category while 
around 48% of males had a moderate disability according to their ODI scores.  
No association was seen between ODI score’s categories and: 1- age-groups (p=0.242), 
2- time since amputation categories (p=0.557), 3- age-at-amputation groups (p=0.135), 
4- amputation location (p=0.426).  
The association between ODI score’s categories and amputation cause was not 
significant (p=0.056). No significant differences was found between the distribution of the 
time since amputation (p=0.17) as well as age-at-amputation across the ODI score’s 
categories (p=0.226). 
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ODI score and frequency of prosthesis use 
No significant difference was seen between ODI score across prosthetic use frequencies 
(p=0.192). However not statistically significant but, it seems with decreasing of use of 
prosthesis the score increases. A strong association existed between ODI score’s 
categories and frequency of prosthesis use (𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](21, 𝑛 = 116) = 32.71 
p=0.05, 𝑑𝑓∗ = 3,  Cramer’s V=0.315). It is due to high frequent of everyday use of 
prosthesis. Sixty seven to 81 percent of participants in each ODI score’s category (in 
turn, for crippled and minimal disability categories), used their prosthesis every day, most 
/whole of day.    
ODI score and intact limb bodily sensations 
No significant difference (p=0.06) was observed in score of the participant with intact 
limb pain (mean rank=53.23, M±SD=31.1±17.92, MED=30, n=80) and without it (mean 
rank=39.58, M±SD=22.92±14.38, MED=21, n=20). Participants with intact limb pain had 
higher ODI score which is associated with increasing disability level.  
No association was seen between the presence of intact limb pain and ODI score’s 
categories (p=0.18).  
There was no significant difference (p=0.866) between distribution of the ODI score 
among participants with phantom limb sensation (mean rank=59.44, MED=30, n=99) and 
without it (mean rank=53.03, MED=22, n=17). 
No association was found between ABC score’s categories and presence of phantom 
limb (p=0.959). There was a significant difference between the distribution of the ODI 
score among participants with phantom pain and without it ( 𝜒2 (1)= 7.805, n=116, 
p=0.005). Mean rank and median were lower for participants without phantom pain 
(44.38, MED=20, n=32) and higher for participants with the pain (63.88, MED=31, n=84). 
No association was observed between ODI score’s categories and presence of phantom 
pain (p=0.078). 
No significant difference was found (p=0.63) between the distribution of the ODI score 
among participants with stump-pain (mean rank= 60.41, MED=30.55, n=98) and without 
it (mean rank= 44.12, MED=20, n=17). No association was seen between ODI score’s 
categories and presence of stump- pain (p=0.263).  
ODI score and QOL score, score of being satisfied with the prosthesis, being 
frustrated with the prosthesis   
There was a strong significant negative relation between QOL score and ODI score 
(rho=-0.58, n=116, p<0.001, two-tailed). A moderate negative relation existed between 
being satisfied with the prosthesis and ODI score (rho=-0.38, n=114, p<0.001, two-
tailed). The negative relation in above compared pairs means that high level of each 
score is associated with low levels of another one. 
A moderate positive relation was observed between the level of being frustrated with the 
prosthesis and ODI score (rho=0.42, n=114, p<0.001, two-tailed) which means lower 
level of frustration was associated with lower scores of disability due to LBP. 
ODI score and PEQ-M score  
There was a strong significant negative relation between ODI score and PEQ-M score 
(rho=-0.668, n=114, p<0.001, two-tailed) with high levels of each score associated with 
low levels of another score.  
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A significant difference was seen between the distribution of PEQ-M score across ODI 
score’s categories (𝜒2(3)= 42.484, n=114, MED=5.58, p<0.001). Mean rank and median 
were highest for minimal disability category (80.33, MED=7.23, n=41). Lowest mean rank 
and median was for crippled category (25.8, MED=2.54, n=5). The difference between 
PEQ-M score of these 4 pairs of ODI score categories was statistically significant: severe 
disability (mean rank=30.79, MED=3.345, n=28) and minimal disability (p<0.001), 
crippled and minimal disability (p=0.003), moderate disability (mean rank=56.76, 
MED=5.73, n=40) and minimal disability (p=0.008), severe disability and moderate 
disability (p=0.009). There was not difference between crippled and moderate disability 
(p=0.29) nor crippled and severe disability (p=1). 
ODI score and total score of prosthesis evaluation 
There was a strong significant negative relation between ODI score and “total score of 
prosthesis evaluation” (rho=-0.604, n=115, p<0.001, two-tailed) with high levels of each 
score associated with low levels of another score.  
A significant difference was found between the distribution of “total score of prosthesis 
evaluation” score across ODI score’s categories which ( 𝜒2 (3)= 36.167, n=115, 
MED=5.39, p<0.001). Mean rank and median were highest for minimal disability category 
(76.85, MED=6.415, n=42). Lowest mean rank and median was for crippled category 
(22, MED=1.49, n=5). The difference between “total score of prosthesis evaluation” for 
these 3 pairs of ODI score categories was statistically significant: severe disability (mean 
rank=32.29, MED=3.32, n=28) and minimal disability (p<0.001), crippled and minimal 
disability (p=0.003), moderate disability (mean rank=60.71, MED=5.74, n=40) and 
severe disability (p=0.003). There was not difference between crippled and moderate 
disability (p=0.086), moderate disability and minimal disability (p=0.17) nor crippled and 
severe disability (p=1). 
ODI score and falling experience  
No significant difference (p=0.4) existed between the distribution of the ODI score among 
faller participants M± and non-fallers M±. However, the score of non-fallers is a little 
smaller. No significant association was seen between experience of falling and ODI 
score’s categories (p=0.718). 
ODI score and being worried about falling 
A significant difference was observed between the distribution of ODI score among 
participants with worries about falling (mean rank=65.76, M±SD=33.858±17.02, n=88, 
MED=32) and without it (mean rank=35.68, M±SD=18.725±13.04, n=28, MED=13.8) 
(𝜒2(1)= 40.76, n=116, MED=27.45, p<0.001). Larger ODI scores were associated with 
worries about falling.  
A significant difference existed between the distribution of score among different levels 
of being worried about falling (𝜒2(2)= 37.086, n=110, p<0.001). Mean rank and median 
were lowest for scores 6-10 means less worried participants (31.64, MED=23, n=28). 
Highest mean rank and median was for scores 0-4 means more worried participants 
(53.33, MED=42.2, n=49). The ODI score was statistically different between these two 
categories (p=0.001). There was no significant difference between the score of neutral 
category (mean rank= 37.91, MED=24, n=11) and above categories.  
There was a moderate association between being worried about falling and ODI score’s 
categories ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](3, 𝑛 = 116) = 13.001,  p=0.005, 𝑑𝑓∗ = 1,  Cramer’s 
V=0.305). The number of worried participants grows with worsening level of disability 
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due to LBP. All participants in the crippled category and 93% of those in severe disability 
category were worried about falling.  
A moderate association was found between worry levels and ODI score’s categories 
( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](6, 𝑛 = 88) = 17.42,  p=0.008, 𝑑𝑓∗ = 2,  Cramer’s V=0.291). The 
percentage of very worried participants grows with worsening level of disability due to 
LBP. More than 80% of participants in sever disability and crippled categories were very 
worried about falling.  
ODI score and unaided walking 
A significant difference was seen between the distribution of the ODI score among 
participants walking with aid (𝜒2(1)= 6.12, n=116, MED=27.45, p=0.013). Mean rank and 
median of ODI score were higher for participants with aids (64.32, MED=31.55, n=74) 
and lower for participants without it (48.25, MED=24, n=42).  
A moderate association was observed between unaided/aided walking and ODI score 
categories ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](3, 𝑛 = 116) = 16.86,  p=0.001, 𝑑𝑓∗ = 1,  Cramer’s 
V=0.349). Worst levels of disability due to LBP was associated with the highest 
percentage of participants using walking-aids (crippled category with 100% and sever 
disability with 86% of their participants with aid walking). Interestingly, the highest rate of 
unaided participants took place in the moderate disability level not the minimal disability.  
ODI score and ABC score 
A strong significant negative relation existed between ODI score and ABC score (rho=-
0.627, n=116, p<0.001, two-tailed) with high levels of each score associated with low 
levels of another score. It means with worsening of disability due to LBP (larger amounts 
for ODI score) the functionality of the respondents decreases (smaller amounts for ABC 
score).   
A strong association also was observed between ODI score’s categories and ABC 
score’s categories ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](6, 𝑛 = 116) = 42.94,  p<0.001, 𝑑𝑓∗ = 2, 
Cramer’s V =0.394). Around 46% of participants with LBP, had a low level of function as 
well. The number of participants in low level of functioning of ABC categories increased 
with worsening of disability due to LBP. In contrast, the number of participants in 
moderate functioning level decrease with worse disability levels. 
A moderate association was seen between ODI score’s categories and being at risk of 
falling (ABC score<67) ( 𝜒2[𝐿𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑟𝑎𝑡𝑖𝑜](3, 𝑛 = 116) = 26.49,  p<0.001, 𝑑𝑓∗ = 1, 
Cramer’s V =0.431). Percentage of participants at risk of falling increase with worsening 
of disability level due to LBP. 
There was a significant difference between ODI score of ABC scale categories (𝜒2(2)= 
39.51, n=116, p<0.001). Mean rank and median were highest for the low level of 
functioning category (79.12, MED=44.4, n=53). Lowest mean rank and median was for 
the high level of functioning category (30.42, MED=15.6, n=19). The difference between 
ODI score of these pairs of ABC score categories was statistically significant at p<0.001: 
high level of functioning and low level of functioning, Moderate level of functioning (mean 
rank=45.78, MED=21, n=44) and low level of functioning, There was no significant 
difference between high level of functioning and moderate level of functioning (p=0.29).  
A significant difference between the distribution of ODI score among participants at risk 
of falling (mean rank=68.75, M±SD=35.41±17.18, n=80, MED=34) and those with ABC 
score>67 (mean rank=35.72, M±SD=18.63±11.13, n=36, MED=17) ( 𝜒2 (1)= 23.97, 
n=116, MED=27.45, p<0.001). Higher values of ODI score which indicate the worst level 
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of disability due to LBP, were associated with ABC scores <67 (an indicator of being at 
risk of falling). 
 
Summary of findings  
General parameters 
LLAs at the age range of 19-83 years (M±SD=54.7 ±12.1, MED=55 years) participated 
in this study. The time since amputation length varied from 6 months to 70 years 
(M±SD=16.74 ±17.42, MED= 8.38 years). Age-at-amputation had a broad range (0-72.2 
years) and its mean was 37.93 years (±19.47 with MED=41.3 years). A bigger portion of 
participants were male, aged 40-59 years, were below-knee amputees, had experience 
of amputation less than 5 years, with amputation due to injuries (including war-related 
causes), and with an amputation age of 40-59 years. The highest percentage of female 
participants was also in 40-59 years age group.   
Male participants (62% of total respondents) had passed the longer time since 
amputation (with a MED= 11.5 years versus MED= 5 years for females). The majority of 
female respondents were below-knee amputees (59%) whilst the bigger portion of males 
were above-knee amputee (49%).  
The eldest age-groups also had the oldest age-at-amputation. Below-knee amputees 
had older age-at-amputation and above-knee amputees had experienced amputation at 
a younger age.  
Youngest age-at-amputation was related to congenital conditions and serious 
trauma/injuries while eldest age-at-amputation was due to peripheral arterial disease and 
diabetes. Participants with youngest age-at-amputation had the longest time since 
amputation.  
Bodily sensations 
The mean of total bodily sensation score (for both legs) was 5.06 out of 10 (±2.39, 
MED=4.94, N=146) where 10 is the best or most favourable score. The prevalence of 
amputated-side sensations was high (79.4% for phantom limb, 69.4% for phantom pain 
and 76.5% for stump pain). The mean of the amputated-side bodily sensation score was 
less than 5 out of 10 (4.97 ±2.46, n= 139, MED=4.83). The prevalence of intact limb pain 
was 67.2% among unilateral amputees. The reported location of pain for participants 
with intact limb pain (92 persons) was for 55.4% in the knee joint, 46.7% in hip joint, 
35.9% in the foot, 25% in ankle joint, 14.1% in calf/shin, and 1.1% in the thigh. The mean 
of the intact limb bodily sensation score was 5.1 out of 10 (±2.65, n= 98, MED=5). 
Almost all female participants reported phantom limb sensation (91.5% versus 73% of 
males). All participants with vascular causes of amputation (peripheral arterial disease 
and diabetes) had phantom limb sensation and three-fifths of participants with 
amputation because of cancer had recorded an incidence of the sensation “only once-
twice” during last 4 weeks. The rate of phantom limb sensation was lower among 
participants with longer time since amputation. According to association of time since 
amputation and age-at-amputation in this study, there was an expectation that the 
youngest age-at-amputation group and the longest time since amputation would have 
the least rate of the phantom limb. This was observed, however, the intensity of the 
sensation was worst for participants with age-at-amputation of 20-39 years and was 
mildest for participants with amputation after 59 years of age.  
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The rate of phantom limb sensation was less than the rate of phantom pain but the trend 
of its significant characteristics were similar. The rate of phantom pain was higher for 
females (78% versus 62.5% for males). Participants with longer time since amputation 
had less frequency of phantom pain sensation. Due to an inverse association of age-at-
amputation and time since amputation in this study (as was expected), the presence of 
phantom pain was lower among participants who had their amputation at the youngest 
ages. 
The prevalence of stump pain sensation was higher among females (88% versus 69.5% 
of males). All participants with amputation due to peripheral arterial diseases 
experienced stump pain and 42% of them expressed that they had the pain “all the time”. 
Stump pain was worse in participants whose amputation was the result of congenital 
conditions or peripheral arterial  
The bodily sensation score of amputated-side (including phantom limb, phantom pain, 
and stump pain) was worst for participants in 40-59 years age-at-amputation group had 
and was best for over 59 years age-at-amputation group. It shows that, in spite of higher 
rate of the sensations presence among participants with elder age-at-amputation, the 
intensity and bothersomeness is less for these participants. In gerneal, the bigger portion 
of female participants reported worst intensity and bothersomeness of intact limb pain. 
• Prosthesis quality and effects  
The mean of “the prosthetic quality and effects” score was 5.94 out of 10 (±2.1, N=151, 
MED=6.29). Participants with amputation less than 6 years had the highest scores 
(MED=6.64) whilst those with 6-10 years of amputation had chosen the lowest score 
(MED=4.75). Similarly, the score of participants in the eldest age-at-amputation group 
was highest (MED=7.4) and the lowest score was for participants in the 40-59 age-at-
amputation group (MED=6.07).  
• Self-efficiency aspects 
The mean score for emotional aspects of prosthesis use was 4.9 out of 10 (±3.115, 
N=153, MED=4.67). The score was lowest for bilateral amputees. There was a positive 
correlation of the mean score with time since amputation indicating that those who had 
longest history of amputation had fewer emotional issues with their prosthesis  
Females were more frustrated. Most of the participants with amputation due to peripheral 
arterial disease had most frequent frustration while participants with amputation because 
of diabetes and other causes had the least frequent frustration. Participants with longest 
time since amputation had least frequent frustration feeling. It is thought-provoking that 
the majority of participants in age-group older than 69 had the least feeling of being 
hindered socially by the prosthesis. In contrast, those in the age-group of 40-49 years 
felt more hindered socially by the prosthesis. Shorter time since amputation was 
associated with a worst score of “feeling to be socially hindered by prosthesis”.  
The mean of the total score for satisfaction aspects was 5.9 out of 10 as highest level of 
satisfaction (±2.72, N=154, MED=6.5).   
Participants with more than 20 years of amputation experience indicated lower rates of 
training whilst participants with less than 6 years of amputation were more likely to 
indicate that they had training. As there was a negative relation between age-at-
amputation and time since amputation, the number of participants who received the 
training was lower for those with experience of amputation before 20 years age. This 
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suggests that training of participants has improved in recent years and more attention 
has been given to the training of amputees in older ages. 
Almost all above-knee and bilateral amputees had received the walking training, while 
30% of below-knee amputees expressed had no-training but most of them were satisfied 
with the received training.  
• Important parameters related to prosthesis  
The mean of the total score for important aspects related to prosthesis was 5.83 (±1.99, 
n=155, MED=6.25) out of 10. 
The results showed the selected items were more important for females, younger 
participants, participants with younger age-at-amputation participants with cancer and 
congenital condition as causes of amputations and those with a longer time since 
amputation. The appearance of the prosthesis was more important for younger 
participants, those with longer time since amputation and younger age-at-amputation 
suggesting perhaps that those who lose their limb at a young age continue to have higher 
expectations at an older age than those who become amputees at the older age. 
Being able to wear different shoes was more important for younger participants, those 
with longer time since amputation and amputees due to congenital condition and cancer. 
Participants with younger age-at-amputation and longer time since amputation gave 
more importance to be able to walk steep hill up. 
Total score of prosthesis evaluation  
The mean of the total score for the evaluation prosthesis use was 5.52 (±2.18, N=154, 
MED=5.9) out of 10. Scores of participants with more than 20 years of amputation were 
the highest. The prosthesis evaluation total score was lower for participants with worries 
about falling, the experience of falling, using aids to walk, and participants with pain 
feeling related to amputated and intact sides.  
LBP and ODI score 
LBP prevalence was high in this study (75% of total participants and 90% of females), 
with the majority of participants describing the intensity of the pain as mild or moderate. 
The ODI score showed the level of disability resulting from LBP was minimal or moderate 
in 70% of respondents with pain. A point of interest to note was that as the ODI score 
increased, the score of Activities-specific Balance Confidence (ABC) decreased. That is; 
as participants experienced a higher level of disability due to LBP, they had a lower level 
of functioning due to poor balance confidence. The same trend was seen in the relation 
of ODI score and the total score of prosthesis evaluation as well as the score related to 
the ability of amputees to move around with their prosthesis. In fact, respondents with 
lower scores for both parameters had a higher score of ODI scale which shows 
increasing of disability level due to LBP. In addition, there was a significant association 
between LBP and bodily sensations including phantom limb, phantom pain, stump pain, 
and intact-side pain. As the relation between ABC score and ODI score revealed, it was 
not surprising to observe a significant association between the presence of LBP and 
being worried about falling as well as having fall experience during last 12 months, being 
at risk of future falling (ABC score<67), and using aids to walk.  
In addition, higher ODI scores (means a higher level of disability) were associated with 
smaller scores of QOL, satisfaction with the prosthesis and less feeling of frustrated with 
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prosthesis in addition to being worried about falling, having fall experience during last 12 
months, being at risk of future falling, and using aids to walk. 
Differences between participants from various countries  
Investigation of the difference between participants according to their place of living was 
not a fundamental aim of this study but several statistically significant results of the 
survey were related to the country of residence of the participants. In fact, the thesis is 
related to a PhD student in a British University and it was expected to recruit British 
amputee volunteers for biomechanical tests of this study, but the prospected cooperative 
role of a prosthetic manufacture company to provide amputee subjects did not achieved 
which challenged completing the study. After that, it got possible to recruit TF amputee 
participants in Iran, thus the biomechanical tests of the thesis (chapter 4 and 5) were 
conducted in both Leeds and Tehran with British/Iranian participants. On the other hand, 
the survey’s variety of participants’ country of residence provided the opportunity to see 
the LLA’s problems are very broad and common among different countries, in spite of 
the probable differences of their prosthesis advancement and structure of service 
providers. Accordingly, the related significant results are mentioned in this section.  
Iranian participants had lowest mean age (47.43±12.31 years) and British participants 
were oldest (59.02±10.51 years). Iranians had experienced the lower limb loss at a 
younger age (20±12.34 years) while Australians had oldest amputation age (51±15.11 
years). Longest time since amputation was related to Iranian participants (30±13.52) and 
shortest time was related to Americans (2.5±8.44). Only one female participant was from 
Iran while 60% of Americans were females.  
Cause-of-amputation for 75% of Iranians was serious trauma/injury while it was the 
cause of amputation for only 20% of American participants, 33% of Australians and 44% 
of British participants. Forty percent of Americans were amputated due to diabetes and 
40% due to severe infection. These are in relative agreement with overall trend of 
amputation in developing countries with majority of amputation due to trauma/injuries 
and in younger population (Sabzi Sarvestani and Taheri Azam, 2013; Rouhani and 
Mohajerzadeh, 2013; Soomro et al., 2013; Pooja and Sangeeta, 2013; Agu and Ojiaku, 
2016) and developed countries with a big portion of amputation due to vascular 
deficiencies and in elder age (Stewart, C P U, 2008; Lazzarini, Peter A. et al., 2012; 
Dillingham et al., 2002). 
The total bodily sensation score was lowest for participants from the UK and the USA (in 
turn, 4.1±1.96 and 4.52±2.06), while the mean score was highest for Iranians and 
Australians (in turn, 6.2±2.34 and 5.63±2.67). 
Fewer Iranians reported experiencing phantom limb sensation “all the time” (2 persons, 
6.1% of the group) and a large portion of them did not have the sensation at all (17 
persons, 53% of the group), whilst around one-third of British participants had chosen 
“all the time” as the frequency of the sensation. 
Around three-fifths of Iranians (the lowest rate) and all Americans (highest rate) recorded 
presence of the phantom limb sensation. This is in agreement with results related to time 
since amputation which showed an association of longer the time with a lower rate of the 
sensation. Americans had the shortest time since amputation while the time was longest 
for Iranians.  
Iranians and Australians had the lowest rate of suffering from phantom pain (48.6% and 
54.5%) while the rate was 86% and 80% for British and American participants.  
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The bodily sensation score of amputated-side (including phantom limb, phantom pain, 
and stump pain) was lowest for British participants (4.15±2.2) and highest for Iranians 
(6.08±2.5). 
The intact limb pain was less frequent for participants from Other Countries, Iranians, 
and Australians. The bodily sensation score of intact limb was smallest for Americans 
(3.6±2.3) and largest for Iranians (6.43±2.3).  
Overall satisfaction score was highest for participants from Other Countries (MED=8.5 
out of 10) and lowest for British participants (MED= 4.75 out of 10). The feeling of being 
hindered by prosthesis was expressed more by British participants (63%) and less by 
participants from Other Countries (27%). Iranians were less dissatisfied with their 
prosthesis (16.7%) while British participants had lowest scores and more than half of 
them chose the worst level of “satisfaction about prosthesis” (54%). The best scores 
were picked by more participants from the USA (75%). 
British participants had most problems related to the features associated with prosthesis 
use (Lowest scores, MED=4.79 out of 10) and it was the least problematic for Iranians 
(MED=6.85 out of 10). However even for Iranians the scores is not ideal.   
British participants had the lowest score of PEQ-M (MED=4.8 out of 10) and emotional 
aspects of using the prosthesis (MED=3 out of 10) while Iranians took opposite position 
(in turn MED=6.85 and MED=7.33). Although, the PEQ-M score of them is far from 10 
and is not ideal. 
The majority of British participants (76.6%) most frequently felt frustration in the high-
intensity level while most of the Iranians had chosen “never frustrated” or mild scores 
(67%) to show the frustration frequency. 
A considerable portion of British participants (59%) were not “satisfied with walking” and 
had chosen lower scores which were in contrast to Iranians with 66.7% satisfied 
participants..  
Participants from Other Countries were less un-happy with QOL (13.3%) while around 
42% of British participants were not happy with their QOL (scores 0-4).  
The score of selected important items related to prosthesis showed these items were 
more important for Iranians (MED=7) and less for participants from Other Countries 
(4.75). Majority of Iranians (86%) gave the highest level of importance to the appearance 
of the prosthesis while it was important just for half of the British and American 
participants.  
Aided-walking rate was least among Iranians (30%) and highest for British participants 
(76%). 
Total score of prosthesis evaluation and the ABC score were lowest for British (in turn 
MED= 4.69 and MED=40.6) and highest for Iranians (in turn MED=6.75 and MED=68.75) 
and participants from other Countries (in turn MED=6.6 and MED=65). 
A large portion of Australian participants (58%) had a moderate level of functioning and 
majority of British participants (64%) took place in a low level of functioning according to 
their ABC score. 
As the above results showed, for several parameters, the results of participants from Iran 
indicate that they were in a better condition in contrast British amputees (and sometimes 
Americans) who were generally in the worst state. It is important to remember, as was 
mentioned in the methodology section, that the recruitment of Iranian participants (in 
spite of consistency of the results about their age and cause of amputation with the 
literature) was different from others and most of them participated due to direct face to 
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face or verbal interaction. This could be one of the reasons for significant differences as 
the participants may be less willing to show perceived weakness or were less from the 
groups with problems and wish to share. It is worthy to note, (Friel et al., 2005) in their 
study related to LBP found that recruitment method has effects on results and 
participants referred by prosthetists had reported better responses than those who 
participated in their study through support groups. On the other hand, many volunteers 
participate in various surveys to announce their negative opinion/experiences (Brüggen 
et al., 2011) or to assist problems prevention/solving (Soule et al., 2016). It is possible 
these reasons inspired specifically the participants from UK more and accordingly most 
of those with complains contributed in this survey. In addition, the survey is a self-
reported tool and it is possible people from various parts of the world have different 
perceptions and criteria about same conceptions such as QOL or satisfaction. Although, 
by considering the results related to satisfaction and frustration scores as a reflection of 
well-being, scores of the British participants in this survey were lower than national 
survey averages (Tinkler, 2015). Moreover, shown above, overall condition of British LLA 
participants in this survey seems lower than other amputees which is a matter of serious 
concern and needs more precise investigation for improving their situation.  
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Appendix E 
Iran’s Tests Ethics Approval 
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Appendix F 
Feedback about Selected insoles 
1- Orthosole – medium density 
Code of the participant: RL Date:23/6/15 
• Frequency of insole use: Average days per week --5--- average hours per day:--4- 
• Please mark the response that most closely reflects your opinion. 
 Strongly 
Agree 
Agree Neither 
Agree/ Nor 
Disagree 
Disagree Strongly 
Disagree 
Don’t know 
/Not 
Applicable 
The insole fits well  Y  Y   
The insole is comfortable 
throughout the day 
   Y   
The insole does not cause abrasions 
or soreness 
  Y    
The insole is pain free to wear   Y    
I feel using of insole, makes my feet 
less tired 
    Y  
I am happy with the insole    Y   
I would like to continue using the 
insole 
   Y   
The insole felt too thick for my shoes, making it uncomfortable 
 
 
2- Orthosole – Slimflex 3/4 Length Insoles 
Code of the participant: RL Date:23/6/15 
• Frequency of insole use: Average days per week --4--- average hours per day:--2- 
• Please mark the response that most closely reflects your opinion. 
 Strongly 
Agree 
Agree Neither 
Agree/ Nor 
Disagree 
Disagree Strongly 
Disagree 
Don’t know 
/Not 
Applicable 
The insole fits well  Y     
The insole is comfortable 
throughout the day 
    Y  
The insole does not cause abrasions 
or soreness 
    Y  
The insole is pain free to wear    Y   
I feel using of insole, makes my feet 
less tired 
  Y    
I am happy with the insole     Y  
I would like to continue using the 
insole 
    Y  
I found it uncomfortable and felt that it caused discomfort at the plantar fascia 
 
3- FootSupports – medium density 
Code of the participant: RL Date:23/5/15 
• Frequency of insole use: Average days per week --5--- average hours per day:--4-- 
• Please mark the response that most closely reflects your opinion. 
 Strongly 
Agree 
Agree Neither 
Agree/ Nor 
Disagree 
Disagree Strongly 
Disagree 
Don’t know 
/Not 
Applicable 
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The insole fits well  Y     
The insole is comfortable 
throughout the day 
    Y  
The insole does not cause abrasions 
or soreness 
   Y   
The insole is pain free to wear    Y   
I feel using of insole, makes my feet 
less tired 
    Y  
I am happy with the insole    Y   
I would like to continue using the 
insole 
    Y  
 
4- Footsupport – High density 
Code of the participant: RL Date:10/6/15 
• Frequency of insole use: Average days per week --2--- average hours per day:--3- 
• Please mark the response that most closely reflects your opinion. 
 Strongly 
Agree 
Agree Neither 
Agree/ Nor 
Disagree 
Disagree Strongly 
Disagree 
Don’t know 
/Not 
Applicable 
The insole fits well     Y  
The insole is comfortable 
throughout the day 
    Y  
The insole does not cause abrasions 
or soreness 
   Y Y  
The insole is pain free to wear    Y Y  
I feel using of insole, makes my feet 
less tired 
    Y  
I am happy with the insole    Y Y  
I would like to continue using the 
insole 
    Y  
The insole was too rigid and felt painful/uncomfortable on the bottom of my feet 
 
5- Dr Scholl's insole 
Code of the participant: RL Date:8/7/15 
• Frequency of insole use: Average days per week --7--- average hours per day:--5- 
• Please mark the response that most closely reflects your opinion. 
 Strongly 
Agree 
Agree Neither 
Agree/ Nor 
Disagree 
Disagree Strongly 
Disagree 
Don’t know 
/Not 
Applicable 
The insole fits well Y      
The insole is comfortable 
throughout the day 
Y      
The insole does not cause abrasions 
or soreness 
 Y     
The insole is pain free to wear Y      
I feel using of insole, makes my feet 
less tired 
  Y    
I am happy with the insole  Y     
I would like to continue using the 
insole 
 Y     
Was slightly sore on the base of the foot but once worn a couple of times it was fine (Felt best 
to build up use day by day)  
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Appendix G 
Information sheet and consent form 
 
Research Project investigating the kinematics and kinetics of normal 
movement tasks in in lower limb prosthetics wearers. 
INFORMATION FOR PARTICIPANTS  
Introduction 
We are inviting you to take part in a research study. Before you decide whether or not you 
would like to take part, it is important for you to understand the purpose of the research and 
what it will involve. Please ask us if you would like more information or if there is anything 
that is unclear. The decision to take part in this study is entirely yours and you should not feel 
under any pressure to participate. 
 
Purpose of the study 
The main purpose of this research is to better understand the way the intact and amputated 
side with prosthesis in above knee amputees behaves in a verity of different everyday 
movement tasks. In addition the use of insoles during same movement tasks will be 
compared with condition of without insoles. So that we can see of this is different from a non-
amputee locomotion and balance; we need similar data from a group of uninjured healthy 
people such as you. The information from this study will add to the knowledge about 
biomechanics of lower limb amputees’ locomotion and possibility of insole effectiveness on 
improving their movement tasks and balance. 
 
If you agree to participate you will be asked to perform and repeat a variety of common 
movements such as: sitting down and standing up from a seated position, walking, standing 
while doing simple activities e.g. reaching an object and close eyes and open eyes standing 
against a pulling force in each of 4 main directions. The tests will be performed in 2 sessions 
on same day, including “with” and “without” using insole. A pair of normal commercial insoles 
will be provided for you to use in shoes during “with” insole session. Your motion will be 
recorded using IR cameras and specialist motion tracking equipment and the forces exerted 
between their foot and the floor will be measured. The recording of motion will require you to 
wear shorts and vest and have small reflective markers placed on your body. The location of 
these markers will be recorded using a high speed 3D motion analysis system and cameras. 
Force data will be obtained from force platforms located in the floor. You will be asked to 
continue using of the insoles and come again to the lab approximately after 4 weeks to 
perform same tests with insoles. The data obtained from these test will be analysed and will 
be used to compare with amputee subjects data. 
Am I a suitable participant for this study? 
The only limits to participation in the study are that you are generally healthy, have had no 
injuries in the past 6 months and that you are between the ages of 18 and 70. 
 
Is there any pressure to take part? 
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There is no pressure to take part and you can withdraw from the study at any time.  
 
What will happen if I take part? 
You will be invited to attend the biomechanics Laboratory at the University of Leeds on two 
occasions at a time convenient to you. The second visit will normally be within 4 weeks of 
your first. 
 
What do I have to do? 
You will be asked to bring with you a pair of shorts and a vest, though we can provide these 
if necessary. Small, lightweight reflective markers will be attached to your arms and legs with 
double side tape. These will be used to measure your motion whilst you sit down and stand 
up from a normal bench, walk a short distance, standing while doing simple activities e.g. 
reaching an object and close eyes and open eyes standing against a pulling force in each of 
4 main directions. The tests will be performed in 2 sessions on same day, including “with” 
and “without” using insole. A normal commercial insole will be provided for you to use in your 
shoes during “with” insole session. You will be asked to repeat these movements 5 times in 
each session.  
 
What are the possible benefits of taking part in this study? 
There are no direct benefits to your resulting from the research but the objective of the 
research is to increase the knowledge about biomechanics of lower limb amputees’ 
locomotion and possibility of insole effectiveness on improving their movement tasks and 
balance those can be beneficial for all users of lower limb prosthesis in the medium and long 
term. 
 
What happens if something goes wrong?  
As with all research using human subjects, there are some risks but these are similar to those 
you would experience doing these activities in your normal life. There is no high risk for you 
more than what anyone faces in normal life although the risk assessment has been done 
about the tests and the Lab equipment. For preventing falling during the tests; safety harness 
is provided. If your body shows reaction to insole materials, the using of insole will be ended. 
A member of staff who is first aid trained will always be present. Please note that the 
University of Leeds is liable only if negligent. 
Will data and information about me be kept confidential? 
You will not be identifiable from the other data obtained during the tests. We will be taking 
video recordings of the test procedures but these will be stored on a secure computer and 
only the researchers involved in the study will have access to these. These will be deleted 
once the data is no longer needed for the research. 
What will happen to the results of the study? 
The results from the study maybe used to allow the design of a better knee joint based on 
the principles of robotics. Some of the results will appear in published papers and presented 
at scientific meetings. You will not be identified in any of these papers or presentations. 
 
Contact for further information 
If you would like more information about the study please feel free to ask as many questions 
as you would like. The researchers principally involved in this aspect of the study are: 
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Dr Neil Messenger  
School of Biomedical Sciences,  
Biological Sciences,  
University of Leeds,  
Leeds,  
LS2 9JT  
0113 343 5084 
 n.messenger@leeds.ac.uk 
 
Dr Todd Stewart  
Institute of Medical & Biological 
Engineering (School of 
Mechanical Engineering), 
University of Leeds,  
Leeds,  
LS2 9JT 
0113-343-2133 
t.d.Stewart@leeds.ac.uk 
Dr Daniella Strauss 
School of Biomedical Sciences, 
Biological Sciences 
University of Leeds, 
Leeds,  
LS2 9JT 
0113 343 7123 
d.n.strauss@leeds.ac.uk 
 
Subject Consent Form 
Title: Evaluation of the effects of insoles on biomechanics of daily activities and 
balance in lower limb prosthetics wearers 
  
  Please delete 
as applicable 
1 I have read the Information for Participants sheet.  Yes/No 
2 I have had the opportunity to ask questions and discuss the research study. Yes/No 
3 I am satisfied with the answers to my questions. Yes/No 
4 I have received enough information about this study. Yes/No 
5 I understand that I am free to withdraw from the study at any time without 
giving reason and without affecting my future care.  
Yes/No 
 
Signature ______________________________________ Date___/___/___  
Name (block capitals) _____________________________________________  
Signature of person _______________________________ Date___/___/___  
taking consent  
Name (block capitals) ______________________________________________ 
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 mrof tnesnoc dna teehs noitamrofnI naisreP
 ی برای شرکت کنندگاناطلاعات
 
 مقدمه:  •
سینماتیک و سینتیک چند حرکت روزمره را در افراد استفاده کننده از پروتز اندام "د در پژوهشی که شومی بدینوسیله از شما دعوت 
نیاز به اطلاعات  ، شرکت فرمائید. برای ما اهمیت دارد که شما از هدف این پژوهش آگاه باشید. لطفا در صورت"دکنمی تحتانی بررسی 
گیری برای شرکت در این پژوهش بیشتر یا واضح نبودن اطلاعات ارائه شده، موضوع را حتما از ما بپرسید. شما برای هرگونه تصمیم 
 کاملاً آزادید و نباید احساس کنید تحت فشار هستید. 
 
 هدف مطالعه حاضر: •
ر قطع عضو افراد استفاده کننده از پروتز بالای زانو در برخی اهدف اصلی این پژوهش درک بهتر چگونگی عملکرد سمت سالم و دچ
ها با حالت بدون کفی مقایسه خواهد شد. های روزمره و حفظ تعادل است. علاوه بر این استفاده از نوعی از کفی در این فعالیت فعالیت 
اشیم تا متغیرهای مشابه را در آنها ثبت و سپس با ببدین منظور نیازمندیم یک گروه افراد دچار قطع عضو اندام تحتانی چون شما داشته 
گروه بدون قطع عضو مقایسه کنیم. اطلاعات حاصل از این مطالعه به دانش ما درباره بیومکانیک تحرّک افراد دچار قطع عضو اندام 
 های حرکتی و تعادل خواهد افزود.تحتانی و امکان اثرگذاری مثبت کفی بر فعالیت 
به شرکت در این پژوهش؛ از شما درخواست خواهد شد که تعدادی حرکت را تکرار کنید: نشستن و برخاستن از  در صورت تمایل شما
روی نیمکت و مجددا نشستن؛ راه رفتن در سه سرعت آهسته، معمولی و سریع؛ حفظ تعادل در حالت ایستاده و در دفعات جداگانه با 
سازی د؛ حفظ تعادل در حالت ایستاده با شبیه شومی د و سپس بار آزاد شومی ال مچشم باز و بسته در حالیکه نیروی کششی به کمر اع 
ند که شومی ها در دو مرحله با و بدون کفی انجام حالتی که سعی در دسترسی به جسمی در جلوی خود و در ارتفاع سر دارید. آزمایش 
فت کفی تجاری برای شما تهیه شده که در اختیارتان گذاشته جد در یک روز یا دو روز جداگانه باشند. یک توانمی بسته به تمایل شما 
بعدی حرکت و نیروهای وارد به کف پا با های مادون قرمز سرعت بالا مخصوص تحلیل سه د. حرکت شما با استفاده از دوربین شومی 
یت عضلانی تعدادی از ماهیچه های لند. همچنین در زمان مشابه فعاشومی استفاده از دو صفحه نیروی نصب شده در کف آزمایشگاه ثبت 
نصب شده روی بدن با چسب دوطرفه ثبت خواهند شد. از آنجا که برای ثبت حرکات  GMEاندام تحتانی و تنه با استفاده از حسگرهای 
ای و شلوارک ه قخواهیم لباس آستین حلهای فوقانی و تحتانی و تنه هستیم؛ از شما می نیازمند نصب مارکرهای بازتابنده نور روی اندام
و نصب حسگرهای آن، پوست ناحیه باید تمیز شود و موهای آن تراشیده شوند. ممکن است  GMEهای کوتاهی بپوشید. برای ثبت داده 
های حاصل های مشابه فقط با کفی انجام خواهد گرفت. داده هفته ادامه دهید و سپس آزمایش  4ها را تا از شما بخواهیم استفاده از کفی 
 های افراد بدون قطع عضو مقایسه خواهد شد. ها بعد از تحلیل با داده ن آزمایش یاز ا
 ها مناسب هستند؟ چه افرادی برای شرکت در آزمایش  •
ماه گذشته دچار آسیب  6سال باشند که در  07- 81شرکت کنندگان باید مردان استفاده کننده از پروتز اندام تحتانی، در فاصله سنی 
 اند. نبوده  یعضلانی دیگر- اسکلتی
 
 ها اجبار وجود دارد؟ آیا برای شرکت در آزمایش  •
 ید از شرکت در آن انصراف دهید. توانمی شما برای شرکت در این پژوهش کاملا آزادید و هر زمان که تمایل داشته باشید 
 
 در صورت تمایل برای شرکت کردن در پژوهش چه اتفاقی خواهد افتاد؟  •
ها در زمان مناسب هماهنگ شده با شما در آزمایش تحلیل حرکت مرکز تحقیقات توانبخشی م آزمایش اد برای انجشومی از شما دعوت 
های هفته ادامه دهید و سپس برای انجام آزمایش  4ها را تا پیشرفته جواد موفقیان حضور یابید. ممکن است از شما بخواهیم استفاده از کفی 
 به مرکز مراجعه فرمائید.  مشابه فقط با کفی مجددا در زمان هماهنگ شده
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 شما چه کار باید بکنید؟  •
هایی که در آزمایشگاه است، استفاده کنید. برای ای و شلوارک کوتاهی با خود بیاورید یا از لباس خواهیم لباس آستین حلقهاز شما می 
و موهای آن تراشیده شوند.  و نصب حسگرهای آن با استفاده از چسب دوطرفه، پوست ناحیه باید تمیز شود GMEهای ثبت داده 
ند. این مارکرها برای ثبت حرکات شما شومی ها، تنه و پاها نصب نیز با استفاده از چسب دو طرفه بر روی دست مارکرهای بازتابنده نور 
 ند: شومی های ذیل استفاده حین فعالیت 
معمولی و سریع؛ حفظ تعادل در حالت ایستاده و نشستن و برخاستن از روی نیمکت و مجددا نشستن؛ راه رفتن در سه سرعت آهسته، 
د؛ حفظ تعادل در حالت شومی د و سپس بار آزاد شومی ات جداگانه با چشم باز و بسته در حالیکه نیروی کششی به کمر اعمال در دفع
 سازی حالتی که سعی در دسترسی به جسمی در جلوی خود و در ارتفاع سر دارید. ایستاده با شبیه 
د در یک روز یا دو روز جداگانه باشند. یک جفت توانمی ه تمایل شما ند که بسته بشومی ه با و بدون کفی انجام در دو مرحلها آزمایش 
بار تکرار خواهد شد. ممکن است  3د. هر فعالیت در هر سری آزمایش شومی کفی تجاری برای شما تهیه شده که در اختیارتان گذاشته 
 ابه فقط با کفی انجام خواهد گرفت. های مشهفته ادامه دهید و سپس آزمایش  4ها را تا فی از شما بخواهیم استفاده از ک 
 
 فایده شرکت در این پژوهش چیست؟ •
کنندگان وجود ندارد اما اطلاعات حاصل از این مطالعه به دانش ما درباره بیومکانیک تحرّک افراد دچار قطع فایده مستقیمی برای شرکت 
های حرکتی و تعادل خواهد افزود که این امر ممکن است برای استفاده مکان اثرگذاری مثبت کفی بر فعالیت عضو اندام تحتانی و ا
 ای اندام تحتانی در میان مدت یا طولانی مدت مفید باشد. کنندگان از پروتزه
 
 آیا خطری برای شرکت کنندگان وجود دارد؟  •
. ریسک بیشتری از هائیست که در زندگی روزمره داریدطح آن مانند فعالیت هایی وجود دارد اما نوع و س برای هر کار پژوهشی ریسک 
جه است، وجود نخواهد داشت. هرچند ارزیابی ریسک درباره تجهیزات آزمایشگاه مقدار ریسکی که هر کس در زندگی روزمره با آن موا
های اولیه نشان دهد؛ به استفاده از آنها پایان دهید. کمک  ها واکنش آلرژیکانجام شده است. اگر بدنتان نسبت به مواد به کار رفته در کفی 
 دارد. و فرد آشنا به آنها برای موارد ضروری در مرکز تحقیقات وجود 
 
 ها به صورت محرمانه خواهند بود؟ آیا اطلاعات و داده  •
د شد. اطلاعات تصویری بر روی اطلاعات هر یک از شرکت کنندگان کاملا محرمانه، بدون نام و با کد دهی ثبت و نگهداری خواهن
 ها همه اطلاعات پاک خواهند شد. د. بعد از پایان پروژه و پایان نیاز به داده شومی کامپیوتر خاص و بدون دسترسی سایرین ثبت 
 
 افتد؟ چه اتفاقی برای نتایج مطالعه می  •
ه صورت مقالات علمی منتشر خواهند شد. نام نتایج مطالعه ممکن است برای طراحی زانوی پروتزی استفاده شوند. همچنین نتایج ب
 آشکار نخواهد بود. شرکت کنندگان در این انتشارات علمی 
 
 اطلاعات تماس  •
) تماس بگیرید. اساتید ku.ca.sdeel@rtsbید با اینجانب تهمینه رضائیان (توانمی ت نیاز به اطلاعات بیشتر درباره این پروژه در صور 
در مرکز تحقیقات توانبخشی پیشرفته موفقیان و دکتر نیل ) ude.firahs@dnamharaf( رهمند این پروژه شامل دکتر فرزام ف
دکتر تد استوارت ؛ )ku.ca.sdeel@ssuarts.n.d( دکتر دانیلا استراوس )؛ ku.ca.sdeel@regnessem.n(مسنجر 
 در دانشگاه لیدز هستند. ) ku.ca.sdeel@trawetS.d.t(
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 مطالعه فرم موافقت شرکت داوطلبان در  •
 بر بیومکانیک فعالیتهای روزمره و تعادل در افراد استفاده کننده از پروتز اندام تحتانی عنوان: ارزیابی اثر کفی 
 
 بله/خیر اطلاعات ارائه شده برای شرکت کنندگان را خواندم  1
 بله/خیر اماز فرصت پرسیدن سوالات و گفتگو درباره مطالعه برخوردار بوده  2
 بله/خیر امراضیارائه شده  هایاز پاسخ 3
 بله/خیر اماطلاعات کافی درباره این مطالعه دریافت کرده  4
دانم هر زمان که تمایل داشته باشم، از شرکت در مطالعه انصراف دهم و این امر در خدمات آینده اثر نخواهد می  5
 داشت 
 بله/خیر
 
 نام و نام خانوادگی شرکت کننده 
 امضاء و تاریخ
 
 
 خانوادگی پژوهشگر نام نام و 
 امضاء و تاریخ
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Appendix H 
Psychometric Properties of Measurements 
This section provides evidences for validity and reliability of utilized motion analysis 
systems and standing balance perturbation system. The testing procedure of motion 
analysis systems’ validity and reliability was inspired by Dr Vanicek, N.K. (2009) thesis. 
For table captions, “H” stands for Appendix H, “Q” for Qualisys system, “V” for Vicon 
system and “P” for perturbation system. As it is seen in the tables in following parts, the 
average, standard deviation, Coefficient of Variation (CV1 ), the difference between 
measured value and real value (R&M), in addition to absolute differences (AbsD), 
percentage error (PE2) of measurements and Root Mean Square Error (RMSE3) were 
calculated. Real length of wands was recorded on each wand by manufacturer. The 
results are presented in 2 main sections including motion analysis systems (for each 
motion capture system separately) and perturbation system. 
 
A) Motion analysis systems 
As it was mentioned in Chapter 4, the biomechanical tests were carried out in two 
different sites by using two commercial motion analysis systems (including Qalisys and 
Vicon motion capture systems). Each motion analysis system included two force 
platforms. Detailed description of systems and the rate of data collections are presented 
in methodology section of Chapter 4. To examine reliability and validity of linear 
measurements, 2 wands (not used in calibration process) with 2 reflective markers (14 
mm diameter) mounted on them in known distances were utilized. For angular 
measurements a goniometer was used with 2 markers attached to its each arms and 
one to its axis. Goniometer was fixed in 3 angles (45, 90 and 180 degrees). After 
calibration of motion spaces according to the user guides of the motion analysis systems, 
each of these instruments were moved in calibrated space for 15 seconds and were 
repeated 10 times. The distances between 2 markers on moving wands and angles of 
moving goniometer were obtained via the markers’ 3D positions in each motion analysis 
system. The ground reaction forces applied by known weights (5 kg, 10 kg. 25 kg, 40 kg) 
placed on each force platform were recorded for 15 seconds during 10 repeated trials to 
determine reliability and validity of force platforms.  
 
A-1) Qualisys Motion Capture System 
Table H-Q-1 shows the length of wands measured by Qualisys Motion Capture System 
and their differences with real lengths during 10 trials. The difference between measured 
values and real values (R&M) are less than 1 mm. In addition, the percentage error is 
close to zero. The calculated RMSE for Wand1 was 0.25 mm, and for Wand 2 was 0.13 
mm. From these data, the high level of validity of the system can be concluded. SD and 
the CVs have small values which shows the linear measurements were repeatable.   
 
1 𝐶𝑉 =
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛
𝑀𝑒𝑎𝑛
× 100 
2 PE =
|𝑅𝑒𝑎𝑙−𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑|
Real
× 100 
3 RMSE=√
∑ (𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑−𝑅𝑒𝑎𝑙)2𝑁1
𝑁
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Table H-Q-1 Measured length of the wands by Qualisys system 
 Wand number 1 with real length of 751.2 mm Wand number 2 with real length of 301.5 mm 
Trial Measured (mm) R&M (mm) AbsD (mm) PE (%) Measured (mm) R&M (mm) AbsD (mm) PE (%) 
1 751.1 -0.09 0.09 0.0 301.6 0.08 0.08 0.0 
2 750.9 -0.30 0.30 0.0 301.4 -0.09 0.09 0.0 
3 750.8 -0.40 0.40 0.1 301.4 -0.07 0.07 0.0 
4 751.1 -0.08 0.08 0.0 301.5 -0.04 0.04 0.0 
5 751.1 -0.11 0.11 0.0 301.4 -0.07 0.07 0.0 
6 751.1 -0.13 0.13 0.0 301.3 -0.21 0.21 0.1 
7 750.7 -0.52 0.52 0.1 301.4 -0.14 0.14 0.0 
8 751.3 0.10 0.10 0.0 301.3 -0.23 0.23 0.1 
9 751.1 -0.12 0.12 0.0 301.5 -0.02 0.02 0.0 
10 751.0 -0.22 0.22 0.0 301.3 -0.19 0.19 0.1 
Mean 751.0 -0.19 0.21 0.0 301.4 -0.10 0.11 0.0 
SD 0.18 0.18 0.15 0.0 0.10 0.10 0.07 0.0 
CV 0.02%     0.03%      
 
Table H-Q-2 Measured goniometer’s angles by Qualisys system 
 45 deg. 90 deg. 180 deg. 
Trial Measured (deg.) R&M (deg.) AbsD (deg.) PE (%) Measured (deg.) R&M (deg.) AbsD (deg.) PE (%) Measured (deg.) R&M (deg.) AbsD (deg.) PE (%) 
1 44.2 -0.78 0.78 1.7 90.0 -0.03 0.03 0.0 179.6 -0.41 0.41 0.2 
2 44.2 -0.77 0.77 1.7 90.1 0.05 0.05 0.1 179.5 -0.45 0.45 0.3 
3 44.2 -0.82 0.82 1.8 90.9 0.95 0.95 1.1 179.9 -0.12 0.12 0.1 
4 44.3 -0.74 0.74 1.6 90.0 0.00 0.00 0.0 180.0 -0.04 0.04 0.0 
5 44.2 -0.75 0.75 1.7 88.8 -1.17 1.17 1.3 179.0 -1.03 1.03 0.6 
6 44.2 -0.81 0.81 1.8 90.0 -0.02 0.02 0.0 179.9 -0.06 0.06 0.0 
7 44.2 -0.81 0.81 1.8 89.8 -0.22 0.22 0.2 180.1 0.12 0.12 0.1 
8 44.2 -0.76 0.76 1.7 90.1 0.08 0.08 0.1 179.9 -0.12 0.12 0.1 
9 44.3 -0.72 0.72 1.6 90.0 0.02 0.02 0.0 179.9 -0.09 0.09 0.0 
10 44.2 -0.78 0.78 1.7 89.2 -0.80 0.80 0.9 179.9 -0.09 0.09 0.0 
Mean 44.2 -0.77 0.77 1.7 90.1 -0.11 0.33 0.4 179.8 -0.23 0.25 0.1 
SD 0.03 0.03 0.03 0.1 0.52 0.56 0.45 0.5 0.33 0.33 0.31 0.2 
CV 0.07%    0.57%      0.18%    
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Table H-Q-2 displays the measured angles by Qualisys Motion Capture System and their 
differences with real measures during 10 trials. The difference between measured values 
and real value (R&M) are less than 1 degree. But, the percentage errors are larger than 
the linear measures, particularly for 45 degree which is more than 1%. However, RMSE 
values (0.77°, 0.54° and 0.39° respectively for 45°, 90°. and 180°) indicate the angular 
measures were accurate. Standard deviations are less than 1 degree and the CVs are 
less than 1% which indicates the angular measurements were repeatable. 
Table H-Q-3 to Table H-Q-6 display the measured weights by force platforms of Qualisys 
Motion Capture System and their differences with real measures during 10 trials. The 
difference between measured values and real value (R&M) are less than 1 N. But, the 
percentage error for 5 kg weight-Force platform number 1 is more than 1%. The accuracy 
of measurements are in good level and RMSE for all weights are less than 2 N. Standard 
deviations are less than 1 N and CVs are less than 1% which shows the measurements 
were repeatable. 
Table H-Q-3 Weight 5 kg (49.05 N) measured by force platforms of Qualisys system 
 Force Plate 1 Force Plate 2 
Trial Measured (N) R&M (N) AbsD (N) PE (%) Measured (N) R&M (N) AbsD (N) PE (%) 
1 49.6 0.57 0.57 1.2 49.0 -0.06 0.06 0.1 
2 49.6 0.55 0.55 1.1 49.1 0.06 0.06 0.1 
3 49.6 0.57 0.57 1.2 49.2 0.15 0.15 0.3 
4 49.6 0.55 0.55 1.1 49.2 0.14 0.14 0.3 
5 49.6 0.56 0.56 1.1 49.3 0.25 0.25 0.5 
6 49.7 0.61 0.61 1.2 49.3 0.30 0.30 0.6 
7 49.7 0.61 0.61 1.3 49.4 0.33 0.33 0.7 
8 49.6 0.58 0.58 1.2 49.4 0.36 0.36 0.7 
9 49.7 0.64 0.64 1.3 49.4 0.39 0.39 0.8 
10 49.7 0.61 0.61 1.2 49.5 0.50 0.50 1.0 
Mean 49.6 0.59 0.59 1.2 49.3 0.24 0.25 0.5 
SD 0.03 0.03 0.03 0.1 0.17 0.17 0.15 0.3 
CV 0.06%      0.34%      
RMSE=0.59 N RMSE=0.29 N 
 
Table H-Q-4 Weight 10 kg (98.1 N) by force platforms of Qualisys system 
 Force Plate 1 Force Plate 2 
Trial Measured (N) R&M (N) AbsD (N) PE (%) Measured (N) R&M (N) AbsD (N) PE (%) 
1 98.1 0.04 0.04 0.0 98.2 0.14 0.14 0.1 
2 98.2 0.08 0.08 0.1 98.3 0.24 0.24 0.2 
3 98.3 0.18 0.18 0.2 98.3 0.25 0.25 0.3 
4 98.3 0.23 0.23 0.2 98.4 0.31 0.31 0.3 
5 98.4 0.25 0.25 0.3 98.5 0.37 0.37 0.4 
6 98.4 0.26 0.26 0.3 98.5 0.39 0.39 0.4 
7 98.4 0.34 0.34 0.3 98.6 0.46 0.46 0.5 
8 98.4 0.32 0.32 0.3 98.6 0.48 0.48 0.5 
9 98.5 0.37 0.37 0.4 98.6 0.52 0.52 0.5 
10 98.5 0.42 0.42 0.4 98.6 0.54 0.54 0.6 
Mean 98.3 0.25 0.25 0.3 98.5 0.37 0.37 0.4 
SD 0.12 0.12 0.12 0.1 0.13 0.13 0.13 0.1 
CV 0.12%      0.14%      
RMSE=0.28 N RMSE=0.39 N 
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Table H-Q-5 Weight 25 kg (245.25 N) by force platforms of Qualisys system 
 Force Plate 1 Force Plate 2 
Trial Measured (N) R&M (N) AbsD (N) PE (%) Measured (N) R&M (N) AbsD (N) PE (%) 
1 245.3 0.06 0.02 0.0 245.7 0.49 0.49 0.2 
2 245.5 0.24 0.24 0.1 246.0 0.72 0.72 0.3 
3 245.6 0.33 0.32 0.1 246.2 0.90 0.90 0.4 
4 245.6 0.43 0.40 0.2 246.2 0.95 0.95 0.4 
5 245.8 0.50 0.50 0.2 246.3 1.02 1.02 0.4 
6 245.8 0.55 0.55 0.2 246.3 1.07 1.07 0.4 
7 245.9 0.66 0.65 0.3 246.4 1.15 1.15 0.5 
8 245.9 0.66 0.62 0.3 246.4 1.15 1.15 0.5 
9 246 0.74 0.73 0.3 246.5 1.20 1.20 0.5 
10 246.1 0.83 0.80 0.3 246.5 1.25 1.25 0.5 
Mean 245.8 0.50 0.48 0.2 246.2 0.99 0.99 0.4 
SD 0.25 0.24 0.24 0.1 0.25 0.24 0.24 0.1 
CV 0.10%      0.10%    
RMSE=0.55 N RMSE=1.02 N 
 
Table H-Q-6 Weight 40 kg (392.4 N) by force platforms of Qualisys system 
 Force Plate 1 Force Plate 2 
Trial Measured (N) R&M (N) AbsD (N) PE (%) Measured (N) R&M (N) AbsD (N) PE (%) 
1 392.6 0.19 0.19 0.0 391.6 -0.78 0.78 0.2 
2 390.0 -2.36 2.36 0.6 392.1 -0.31 0.31 0.1 
3 390.3 -2.12 2.12 0.5 392.2 -0.24 0.24 0.1 
4 390.4 -2.04 2.04 0.5 392.2 -0.16 0.16 0.0 
5 390.5 -1.93 1.93 0.5 392.2 -0.18 0.18 0.0 
6 390.5 -1.89 1.89 0.5 392.3 -0.14 0.14 0.0 
7 390.6 -1.81 1.81 0.5 392.3 -0.13 0.13 0.0 
8 390.7 -1.73 1.73 0.4 392.3 -0.06 0.06 0.0 
9 390.7 -1.69 1.69 0.4 392.4 0.00 0.00 0.0 
10 390.7 -1.69 1.69 0.4 392.5 0.06 0.06 0.0 
Mean 390.7 -1.71 1.75 0.4 392.2 -0.19 0.20 0.1 
SD 0.70 0.70 0.59 0.1 0.23 0.23 0.22 0.1 
CV 0.18%     0.06%     
RMSE=1.83 N RMSE=0.29 N 
 
A-2) Vicon Motion Capture System 
Table H-V-1 shows the measured length of wands by Vicon Motion Capture System and 
their differences with real measures during 10 trials. The difference between measured 
values and real values (R&M) are less than 1 mm. In addition, the percentage error is 
close to zero. The calculated RMSE for Wand1 was 0.39 mm, and for Wand 2 was 0.24 
mm. From these data, the high level of accuracy of the system can be concluded. 
Standard deviations and the CVs have small values which shows the linear 
measurements were repeatable. 
Table H-V-2 displays the measured angles by Vicon Motion Capture System and their 
differences with real measures during 10 trials. The difference between measured values 
and real value (R&M) are less than 1 degree. But, the percentage errors are larger than 
the linear measures, particularly for 45 degree which has mean PE% near to 1%. 
However, RMSE values (0.45°, 0.35° and 0.57° respectively for 45°, 90°. and 180°) 
indicate the angular measures were accurate. Standard deviations are less than 1 
degree and the CVs are less than 1% which indicates the angular measurements were 
repeatable. 
Table H-V-3 to Table H-V-6 display the measured weights by force platforms of Vicon 
Motion Capture System and their differences with real measures during 10 trials. The 
difference between measured values and real value (R&M) are less than 1 N for Force 
platform number 1 during using 5kg, 10 kg and 20 kg weights. 
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Table H-V-1 Measured length of the wands by Vicon system 
 Wand number 1 with real length of 550 mm Wand number 2 with real length of 200 mm 
Trial Measured (mm) R&M (mm) AbsD (mm) PE (%) Measured (mm) R&M (mm) AbsD (mm) PE (%) 
1 550.2 0.15 0.15 0.0 199.8 -0.19 0.19 0.1 
2 550.4 0.41 0.41 0.1 199.9 -0.10 0.10 0.0 
3 550.4 0.45 0.45 0.1 199.9 -0.07 0.07 0.0 
4 550.3 0.34 0.34 0.1 199.7 -0.31 0.31 0.2 
5 550.4 0.39 0.39 0.1 199.8 -0.18 0.18 0.1 
6 550.5 0.47 0.47 0.1 199.7 -0.34 0.34 0.2 
7 550.2 0.20 0.20 0.0 199.7 -0.26 0.26 0.1 
8 550.4 0.38 0.38 0.1 199.7 -0.27 0.27 0.1 
9 550.6 0.58 0.58 0.1 199.8 -0.20 0.20 0.1 
10 550.3 0.31 0.31 0.1 199.7 -0.33 0.33 0.2 
Mean 550.4 0.37 0.37 0.1 199.8 -0.22 0.22 0.1 
SD 0.13 0.13 0.13 0.0 0.09 0.09 0.09 0.0 
CV 0.02%     0.05%      
 
Table H-V-2 Measured goniometer’s angles by Vicon system 
 45 deg. 90 deg. 180 deg. 
Trial Measured (deg.) R&M (deg.) AbsD (deg.) PE (%) Measured (deg.) R&M (deg.) AbsD (deg.) PE (%) Measured (deg.) R&M (deg.) AbsD (deg.) PE (%) 
1 45.7 0.67 0.67 1.5 90.6 0.56 0.56 0.6 179.3 -0.70 0.70 0.4 
2 45.4 0.44 0.44 1.0 90.5 0.54 0.54 0.6 179.0 -0.95 0.95 0.5 
3 45.4 0.39 0.39 0.9 90.0 -0.05 0.05 0.1 179.2 -0.78 0.78 0.4 
4 45.4 0.40 0.40 0.9 90.0 0.02 0.02 0.0 180.0 0.04 0.04 0.0 
5 45.3 0.31 0.31 0.7 90.2 0.17 0.17 0.2 179.3 -0.69 0.69 0.4 
6 45.3 0.30 0.30 0.7 90.4 0.44 0.44 0.5 179.4 -0.55 0.55 0.3 
7 45.6 0.56 0.56 1.2 89.8 -0.18 0.18 0.2 179.6 -0.43 0.43 0.2 
8 45.2 0.21 0.21 0.5 90.2 0.23 0.23 0.3 179.9 -0.15 0.15 0.1 
9 45.3 0.32 0.32 0.7 89.8 -0.25 0.25 0.3 179.6 -0.44 0.44 0.2 
10 45.6 0.61 0.61 1.4 90.5 0.53 0.53 0.6 179.8 -0.25 0.25 0.1 
Mean 45.4 0.42 0.42 0.9 90.2 0.20 0.30 0.3 179.5 -0.49 0.50 0.3 
SD 0.15 0.15 0.15 0.3 0.31 0.31 0.21 0.2 0.31 0.31 0.29 0.2 
CV 0.33%     0.34%     0.17%     
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However, the mean of R&M for all weights measuring by Force platform number 2 and 
the 40 kg weight for Force platform number 1 were larger. Although, only the percentage 
error for 10 kg weight- Force platform number 2 is more than 1%. RMSE for all weights 
are less than 2 N (except for 40 kg measured by Force platform number 2) which 
indicates the accuracy of measurements. Standard deviations are less than 1 N and CVs 
are less than 1% which shows the measurements were repeatable. 
Table H-V-3 Weight 5 kg (49.05 N) 
 Force Plate 1 Force Plate 2 
Trial Measured (N) R&M (N) AbsD (N) PE (%) Measured (N) R&M (N) AbsD (N) PE (%) 
1 49.0 -0.10 0.10 0.2 48.9 -0.17 0.17 0.4 
2 49.0 -0.09 0.09 0.2 48.9 -0.19 0.19 0.4 
3 48.9 -0.13 0.13 0.3 48.9 -0.19 0.19 0.4 
4 48.9 -0.17 0.17 0.3 48.9 -0.13 0.13 0.3 
5 48.9 -0.15 0.15 0.3 48.9 -0.12 0.12 0.3 
6 48.9 -0.14 0.14 0.3 49.0 -0.06 0.06 0.1 
7 48.9 -0.17 0.17 0.3 48.9 -0.12 0.12 0.2 
8 48.9 -0.15 0.15 0.3 48.9 -0.10 0.10 0.2 
9 48.8 -0.23 0.23 0.5 49.0 -0.07 0.07 0.1 
10 48.8 -0.22 0.22 0.5 48.9 -0.11 0.11 0.2 
Mean 48.9 -0.15 0.15 0.3 48.9 -0.13 0.13 0.3 
SD 0.05 0.05 0.05 0.1 0.05 0.05 0.05 0.1 
CV 0.09%      0.09%      
RMSE=0.16 N RMSE=0.13 N 
 
Table H-V-4 Weight 10 kg (98.1 N) 
 Force Plate 1 Force Plate 2 
Trial Measured (N) R&M (N) AbsD (N) PE (%) Measured (N) R&M (N) AbsD (N) PE (%) 
1 97.5 -0.59 0.59 0.6 96.9 -1.16 1.16 1.2 
2 97.6 -0.53 0.53 0.5 97.0 -1.13 1.13 1.1 
3 97.6 -0.51 0.51 0.5 97.0 -1.07 1.07 1.1 
4 97.6 -0.53 0.53 0.5 97.0 -1.08 1.08 1.1 
5 97.6 -0.50 0.50 0.5 97.0 -1.09 1.09 1.1 
6 97.7 -0.45 0.45 0.5 97.1 -1.04 1.04 1.1 
7 97.6 -0.50 0.50 0.5 97.1 -1.03 1.03 1.0 
8 97.6 -0.48 0.48 0.5 97.1 -1.04 1.04 1.1 
9 97.6 -0.50 0.50 0.5 97.1 -1.00 1.00 1.0 
10 97.6 -0.48 0.48 0.5 97.1 -0.95 0.95 1.0 
Mean 97.6 -0.51 0.51 0.5 97.0 -1.06 1.06 1.1 
SD 0.04 0.04 0.04 0.0 0.06 0.06 0.06 0.1 
CV 0.04%      0.06%     
RMSE=0.51 N RMSE=1.06 N 
 
Table H-V-5 Weight 25 kg (245.25 N) 
 Force Plate 1 Force Plate 2 
Trial Measured (N) R&M (N) AbsD (N) PE (%) Measured (N) R&M (N) AbsD (N) PE (%) 
1 244.4 -0.88 0.88 0.4 243.4 -1.89 1.89 0.8 
2 243.5 -1.74 1.74 0.7 244.6 -0.69 0.69 0.3 
3 244.6 -0.66 0.66 0.3 243.5 -1.73 1.73 0.7 
4 244.6 -0.63 0.63 0.3 243.6 -1.65 1.65 0.7 
5 244.7 -0.52 0.52 0.2 243.8 -1.50 1.50 0.6 
6 244.8 -0.50 0.50 0.2 243.8 -1.47 1.47 0.6 
7 244.8 -0.43 0.43 0.2 243.8 -1.48 1.48 0.6 
8 244.8 -0.43 0.43 0.2 243.8 -1.43 1.43 0.6 
9 244.9 -0.38 0.38 0.2 243.8 -1.42 1.42 0.6 
10 244.9 -0.34 0.34 0.2 243.8 -1.47 1.47 0.6 
Mean 244.6 -0.65 0.65 0.3 243.8 -1.47 1.47 0.6 
SD 0.41 0.41 0.41 0.2 0.31 0.31 0.31 0.1 
CV 0.17%      0.13%      
RMSE=0.76 N RMSE=1.5 N 
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Table H-V-6 Weight 40 kg (392.4 N) 
 Force Plate 1 Force Plate 2 
Trial Measured (N) R&M (N) AbsD (N) PE (%) Measured (N) R&M (N) AbsD (N) PE (%) 
1 390.6 -1.83 1.83 0.5 390.1 -2.28 2.28 0.6 
2 390.9 -1.50 1.50 0.4 390.3 -2.11 2.11 0.5 
3 390.9 -1.47 1.47 0.4 390.3 -2.09 2.09 0.5 
4 391.0 -1.40 1.40 0.4 390.4 -2.05 2.05 0.5 
5 391.0 -1.35 1.35 0.3 390.4 -2.03 2.03 0.5 
6 391.2 -1.24 1.24 0.3 390.4 -2.00 2.00 0.5 
7 391.2 -1.18 1.18 0.3 390.5 -1.91 1.91 0.5 
8 391.3 -1.13 1.13 0.3 390.4 -1.95 1.95 0.5 
9 391.3 -1.09 1.09 0.3 390.5 -1.94 1.94 0.5 
10 391.4 -1.03 1.03 0.3 390.5 -1.90 1.90 0.5 
Mean 391.1 -1.32 1.32 0.3 390.4 -2.03 2.03 0.5 
SD 0.24 0.24 0.24 0.1 0.12 0.12 0.12 0.0 
CV 0.06%      0.03%     
RMSE=1.34 N RMSE=2.03 N 
 
B) Standing Balance Perturbation System 
To evaluate repeatability and validity of perturbation system, a Noraxon DTS Force 
Sensor with SML Load Cell (500 lbf) was used (Figure H-1). The Linear Force SmartLead 
allows a user to determine the magnitude of force executed along its single axis. The 
free head of rope of perturbation system (which in biomechanical tests was fixed to waist 
of a participant in standing balance tests) was attached to one side of the force cell. 
Other side of the force cell was fixed to the wall in height of perturbation system pulley 
and in 3m distance with the system. Three known weights (1.5 kg, 2 kg, 2.5 kg and 3 kg) 
were used to examine reliability and validity of the load applied by perturbation system. 
Each load applied a pulling force to force sensor. The load was released after 15 s by 
researcher. This procedure was repeated 10 times for each load. The applied loads by 
weights were recorded with sampling rate of 1500 Hz by using MyoResearch XP Master 
(Edition 1.08.38) product of Noraxon. 
 
Figure H-p-1 Force sensor and 
 
Table H-P-1 displays the repeated measured loads and their differences with real 
measures during 10 trials. The difference between measured values and real value 
(R&M) are less than 1 N. The mean of percentage error for all loads was less than 3%. 
RMSE as indicator of accuracy of measurements, for all weights was less than 1 N. 
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Standard deviations are less than 1 N, but CVs are 1-3.1% which is in range of 
acceptable coefficient of variation1. 
Table H-P-1 The measured loads applied by perturbation system  
 1.5 kg weight equal to 14.715 N  2 kg weight equal to 19.62 N 
Trial Measured (N) R&M (N) AbsD (N) PE (%) Measured (N) R&M (N) AbsD (N) PE (%) 
1 14.720 0.005 0.005 0.0 18.92 -0.70 0.70 3.6 
2 14.294 -0.421 0.421 2.9 19.07 -0.55 0.55 2.8 
3 13.986 -0.729 0.729 5.0 19.18 -0.44 0.44 2.3 
4 14.312 -0.403 0.403 2.7 18.93 -0.69 0.69 3.5 
5 14.251 -0.464 0.464 3.2 19.42 -0.20 0.20 1.0 
6 14.558 -0.157 0.157 1.1 19.07 -0.55 0.55 2.8 
7 14.643 -0.072 0.072 0.5 19.36 -0.26 0.26 1.3 
8 14.405 -0.310 0.310 2.1 19.62 0.00 0.00 0.0 
9 14.450 -0.265 0.265 1.8 19.91 0.29 0.29 1.5 
10 14.481 -0.234 0.234 1.6 19.89 0.27 0.27 1.4 
Mean 14.410 -0.305 0.306 2.1 19.335 -0.29 0.40 2.0 
SD 0.213 0.213 0.211 1.4 0.37 0.37 0.23 1.2 
CV 1.5%      2%      
RMSE=0.366 N RMSE=0.451 N 
 
Continued 
 2.5 kg weight equal to 24.525 N 3 kg weight equal to 29.43 N 
Trial Measured (N) R&M (N) AbsD (N) PE (%) Measured (N) R&M (N) AbsD (N) PE (%) 
1 24.144 -0.381 0.381 1.6 30.13 0.70 0.70 2.4 
2 25.445 0.920 0.920 3.8 29.88 0.45 0.45 1.5 
3 23.837 -0.688 0.688 2.8 29.76 0.33 0.33 1.1 
4 23.736 -0.789 0.789 3.2 29.53 0.10 0.10 0.3 
5 24.458 -0.067 0.067 0.3 29.27 -0.16 0.16 0.5 
6 25.508 0.983 0.983 4.0 29.47 0.04 0.04 0.1 
7 25.685 1.160 1.160 4.7 29.84 0.41 0.41 1.4 
8 24.430 -0.095 0.095 0.4 28.98 -0.45 0.45 1.5 
9 25.393 0.868 0.868 3.5 29.93 0.50 0.50 1.7 
10 24.020 -0.505 0.505 2.1 28.66 -0.77 0.77 2.6 
Mean 24.666 0.141 0.646 2.6 29.55 0.12 0.39 1.3 
SD 0.762 0.762 0.373 1.5 0.46 0.46 0.24 0.8 
CV 3.1%    1.6%    
RMSE=0.736 N RMSE=0.453 N 
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pp.154-162. 
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